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I  20.  (Cont) 

Lasar  welds  generally  equalled  base  metal  performance  in  fatigue 
and  tensile  tests.  The  fracture  toughness  of  laser  welds  and 
high  strength  steel  was  shown  to  be  very  high,  particularly 
when  tests  were  conducted  in  the  presence  of  synthetic  sea  water, 


SUMMARY 


Multikilowatt  CO,  (CW)  laser  welding  was  shown  to  be  a 
speed.  low-distortion  process  that  should  be  considered  for  the 
manufacture  of  aerospace  structures  whenever; 

•There  is  need  for  high  welding  speeds 
•Emphasis  is  placed  on  low  distortion  in 
large  weldments 

•Special  access  problems  are  encountered 
during  welding 

•Critical  weld  toughness  or  resistance  to 
stress  corrosion  are  required 
•Automation  of  welding  is  considered 

in  the  course  of  the  program  certain  limitations  on  the 
applicability  of  the  laser  process  were  observed.  These  in¬ 
clude; 

•Failure  of  aluminum  alloys  and  thick  (1/2 
inch)  nickel  base  alloys  to  respond  to 
procedure  development  efforts. 

•Requirement  of  full  hood  shielding  for  Titanium. 

Studies  of  the  equipment  revealed  stable 
control  systems.  Final  evaluation  of  welds  revealed  some  focus 
insLbilUy  in  one  optical  train.  This  led  to  the  conclusion 
that  moving  beam  stability  tests  should  be  considered  instead 
of  single  point  sampling  of  weld  cross  sections  when  evaluating 

focus  stability. 

A  review  of  nine  procedure  variables  was  carried  out. 

Helium  was  observed  to  be  the  most  effective  shielding  Jor 

transmission  of  beam  energy  to  the  work  piece 

poor  transmission  as  did  still  air.  Very  high 

quired  a  mixture  of  helium  with  a  small  amount  to 

improve  blanketing.  Combination  shields  using  f  ® 

beL  area  and  argon  on  the  solidifying  weld  were  tested  at 

speeds  up  to  240  ipm. 

optimum  focus  settings  were  found  to  be 
the  work  surface.  These  settings  produce  a  V  shaped  weld 
that  avoids  cracking.  Under  proper  focus  settings  high  strength 
steel  (280  ksi  ULF)  could  be  welded  without  preheat. 

Thicker  platea,  1/2  inch  and  »igl'er,  required  a  beam  with 
relatively  straighter  sides  than  that  used  on  1/4  and  3/8  me 

plate . 


Ill 


These  straight  sided  beams  were  used  to  determine  the  max¬ 
imum  thickness  that  could  be  penetrated  using  16  kW  on  the  work 
surface  (18  kW  from  the  laser) .  These  observed  maximum  thick¬ 
nesses  were: 

•Low  alloy  steel  and  titanium:  0.6  inch 
•Stainless  steel  and  nickel  base  alloys 
(Inco  718) ;  0.54  inches 

•Aluminum  (at  14  kW  on  work):  0.5  inch 

Nondestructive  tests  indicated  relative  freedom  from  poro¬ 
sity.  The  following  average  distances  between  isolated  pores 
were  observed: 

•Titanium  (1/4  inch) :  25%  inches 

•Carbon  Steel  (1/4  inch);  25%  inches 
•Nickel  Base  Alloy:  Greater  than  30  inches 

Isolated  problems  with  very  limited  titanium  contamination 
while  using  a  helium  jet  to  suppress  the  beam  impingement  plasma 
lead  to  the  conclusion  that  full  hood  shielding  is  preferred. 

Mechanical  tests,  and  post  test  examination  of  the  all 
fracture  surfaces,  showed  that  there  are  no  special  laser  related 
effects  in  laser  welds.  However,  a  characteristic  defect  can 
occur  if  the  focal  point  periodically  lifts  upward.  The  weld 
cross  section  becomes  pinched  near  the  surface  and  blocks  metal 
from  the  solidifying  body  of  the  weld.  In  the  case  of  steel 
the  result  was  randomly  oriented  freezing  defect  in  welds 
made  with  a  particular  optical  train. 

Mechanical  test  performance  of  laser  welds  generally 
equaled  that  of  the  base  metal  reference  in  fatigue  and  tensile 
tests.  Fracture  toughness  tests,  performed  on  high  strength 
steel  and  titanium  indicated  very  good  toughness.  Precracked 
high  strength  steel  specimens  exposed  to  sea  water  performed 
exceptionally  well  with  respect  to  the  toughness  tests.  Titan¬ 
ium  performance  was  typical  for  the  material.  Smooth  bar  speci¬ 
mens  of  high  strength  steel  always  failed  in  the  base  metal  when 
exposed  to  stress  near  their  yield  and  alternate  salt  water 
immersion  providing  welds  were  sound. 


PREFACE 


The  report  was  prepared  by  Sciaky  Bros.,  Inc.,  Chicago, 
Illinois,  under  USAF  Contract  F33615-73-C-5004,  "Establishment 
of  a  Continuous  Wave  Laser  Process" .  The  work  was  admini¬ 
stered  under  the  technical  direction  of  Mr.  Frederick  R.  Miller 
(AMFL/LTM)  ,  Air  Force  Materials  Laboratory,  Manufacturing 
Technology  Division,  Metals  Branch,  Air  Force  Wright  Aeronauti¬ 
cal  Laboratories. 

This  Report  covers  work  conducted  from  1  July  1973  to 
1  October  1976  andf  suianitted  in  fulf illmervt”  of  the  contract. 

The  technical  report  was  released  by  the  author  in  August,  1976. 

The  program  was  directed  by  Mr.  Frederic  D.  Seaman,  Project 
Manager.  Other  Sciaky  personnel  contributing  to  this  program 
were  Mr.  H.  Harvey,  Mr.  W.  Rudin,  Mr.  Stanley  Ream  and  Mr.  R. 
Reynolds.  Assisting  and  associate  contractors  to  the  program 
were  Avco  Everett  Research  Laboratories,  Inc.,  with  Mr.  R.  Hella 
serving  as  Program  Manager  assisted  by  Messrs.  R.  Neal,  and  6.  Gay 
Douglas  Aircraft  Company,  a  division  of  McDonnel  Douglas 
Corporation  with  Mr.  M.  Hayase  assisted  by  Dr.  T.  Makey. 

A  special  consideration  is  given  to  Mr.  C.  Harmsworth  of 
AFML/Mxb  for  his  assistance  in  the  testing  of  high  strength  steel 
welds. 

This  project  has  been  accomplished  as  a  part  of  the  Air 
Force  Manufacturing  Methods  Program,  the  primary  objective  of 
which  is  to  develop  on  a  timely  basis  manufacturing  processes, 
techniques,  and  equipment  for  use  in  economical  production  of 
USAF  materials  and  components. 

Your  comments  are  solicited  regarding  the  potential  utili¬ 
zation  of  the  information  contained  herein  as  applied  to  your 
present  and/or  future  production  programs.  Suggestions  concern¬ 
ing  additional  manufacturing  methods  development  required  on 
this  or  other  subjects  will  be  appreciated. 
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SECTION  I 


INTRODUCTION 


A.  BACKGROUND 

Lasers  produce  energy  in  the  form  of  coherent  light. 
Coherent  light,  in  contrast  to  thermal  light,  which  is  used 
for  broad  area  illumination,  can  be  brought  to  a  very  sharp 
focus.  Thermal  light  when  focused  can  burn  wood.  Focused 
coherent  light  can  evaporate  steel.  Specific  energy  levels 
exceeding  one  million  watts  per  square  inch  can  be  obtained, 
by  focusing  coherent  light. 

B.  HIGH  ENERGY  DENSITY  BEAMS  IN  INDUSTRY 

The  industrial  significance  of  million-watt-per-square- 
inch  beam  technology  can  best  be  appreciated  by  reviewing 
the  advantages  that  a  similar  beam,  the  electron  beam,  has 
brought  to  the  industry  in  the  past  few  years. 

Recognized  beam  welding  advantages: 

Deep  narrow  welds 

Weld  strength  approaching  base  metal  strength 
Minimum,  consistent  predicatable  distortion 
Simplified  weld  tooling 
Increased  welding  speeds 

Single  pass  penetration  in  very  thick  plate 
Unique  welding  capabilities 
More  efficient  part  design 

However,  because  the  beeun  is  made  up  of  electrons,  certain 
limitations  on  the  welding  of  large  aerospace  structures  are 
generally  recognized.  These  are  listed  below. 

Electron  Beeun  Limitations: 

Electron  gun  must  be  in  vacuum 

Workpiece  completely  or  partially  in  vacuum 
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Large  vacuum  chambers  are 

-  Expensive 

-  Inflexible 

-  Long  lead  procurement  items 

Beam-joint  alignment  influenced  by  magnetic 

or  electrostatic  fields 

The  practical  impact  of  these  limitations  has  been  suffic¬ 
ient  to  stimulate  development  of  specialized  local  vacuum 
chambers  and  sliding  seals  -  methods  for  reducing  the  constraint 
of  the  vacuum  chamber. 

C.  LASER  BET^  AS  WELDING  TOOLS 

The  svibstitution  of  the  laser  beam  for  an  electron  beam 
lifts  the  vacuum  constraints  and  can  further  improve  on  some  of 
the  electron  beam  advantages.  These  are  listed  below. 

Potential  Advantages  From  Substitution  of  a  Laser  Beam  for 
an  Electron  Beam 

-  No  need  for  vacuum  at  workpiece 

-  No  constraints  from  chamber  dimensions 

-  Magnetic  or  vacuum  tooling  can  be  used 

-  Beam  projected  long  distances 

No  magnetic  deflection 

No  electrostatic  deflection 

There  are  also  economic  implications  which  result  from  the 
substitution  of  a  laser  for  electron  beam  when  large  aerospace 
weldments  are  considered.  Both  processes  require  sizable  and 
roughly  equivalent,  capital  investment.  It  may  be  possible, 
under  certain  conditions,  to  realize  a  greater  return  for  a 
given  investment  from  a  laser  than  from  a  large  chamber  electron 
beam  installation. 

For  example,  if  size  or  shape  of  the  component  to  be  welded 
may  change  over  a  period,  the  laser  should  be  considered.  The 
electron  beam  chamber  is  closely  linked  to  workpiece  size  and  is 
the  most  expensive  element  of  the  electron  beam  system.  An 
electron  beam  welding  changeover  may  involve  the  cost  and  lead 
time  requirement  associated  with  pumps  and  cheunber.  A  change 
in  optics  and  workpiece  tooling  might  be  all  that  was  required 
for  a  laser  changeover. 
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Additionally  the  economics  of  E.B.  are  not  improved  by 
servicing  three  or  four  vacuum  chambers  of  different  dimensions 
and  configurations  from  one  energy  source  and  control,  because 
the  latter  equipment  represents  such  a  small  portion  of  the 
total  investment  when  compared  to  the  cost  of  multiple  chambers. 

In  the  case  of  the  laser,  the  energy  source  and  its  associ¬ 
ate  equipment  is  the  most  expensive  element  in  the  total  welding 
system.  The  energy  source  can  operate  continuously,  and  the 
laser  beam  can  be  transported  large  distances  without  attenu¬ 
ation.  Thus,  once  an  initial  investment  is  made,  a  jingle 
energy  source  can  service  a  large  number  of  welding  "fixtures, 
providing  a  substantially  lower  incremental  investment  and 
shortened  lead  time  for  each  new  application. 

These  same  time  sharing  economics  can  be  applied  when  it  is 
advantageous  to  apply  beam  welding  to  several  components  on  a 
single  program.  Additionally,  the  stations  can  also  embrace 
heat  treating  and  cutting  since  the  laser  is  capable  of  both 
applications.  Therefore: 

Economic  Advantages  for  the  Laser 

-  Low  incremental  cost  for  each  application 

-  Ability  to  service  several  applications  on  a  time 

sharing  basis 

-  Ability  to  do  several  metalworking  operations 

-  Short  lead  time  to  minimize  impact  of  inflation 

on  program 

D.  PROGRAM  OBJECTIVE 

This  program  established  a  continuous  wave  (CW)  Carbon- 
dioxide  laser  welding  process. 

The  establishment  of  the  process  involved  several  steps 
carried  out  in  sequence  during  two  tandem  phases. 


PHASE  I  CO2  Laser  Evaluation 

Equipment  Performance  Testing 
Process  Technology 

Preweld  Preparation 
Tooling 


shield  Gas  Performance 
Gas  Shields 

Beam-Workpiece  interactions 
Maximum  penetration  Trials 

PHASE  II  Weld  Testing 

Procedure  Development 
Test  Panel  Welding 
Non-Destructive  Teats 
Mechanical  Testa 

Analysis  of  Results  (Correlation) 
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SECTION  II 


EQUIPMENT 


An  important  requirement  for  equipment  in  any  program 
that  is  directed  toward  development  of  welding  procedures 
for  the  aerospace  industry  is  commercial  availability.  The 
most  powerful  commercial  laser  available  to  this  work  was  an 
AVCO  HPL.*  The  nominal,  warranted  output  of  the  cavity  was 
10  kW.  However,  power  supplies  were  large  enough  to  permit 
operation  at  power  levels  up  to  15  kW  (or  higher) . 

A.  DESCRIPTION  OF  THE  SYSTEM 

The  AVCO  HPL  system  has  the  following  characteristics: 

Basic  Characteristics: 

Operates  in  the  CW  mode 
Emits  light  at  10.6  microns 
Uses  CO2#  N2/  He  and  CO  as  a  lasing  medium 
Recirculates  the  lasing  medium 
Performs  with  approximately  10%  efficiency 
.  Near  room  temperature 
.  At  . 1  atmosphere 

Preionizes  the  gas  (with  a  controllable  electron 
discharge) 

Utilizes  a  high  current  moderate  voltage  electrical 
discharge  to  pump  the  gas 
Produces  more  than  10  kW  beam  power 

Additionally  the  device  has  other  features  that  are  use¬ 
ful  in  manufacturing: 

♦Registered  trade  mark  -  Designed,  developed,  manufactured, 
and  sold  by  the  AVCO  Everett  Research  Laboratory  (A  subsidiary 
of  the  AVCO  Corp.) 
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Industrial  Features: 


Uses  simple  copper  mirrors  in  external  optics 
Closes  its  control  circuit  on  beam  power 
Permits  rapid  electronic  shut-down  or  start-up 
of  beam 

Can  close  out  welds  using  up  slope  and  down  slope 
Operates  over  a  broad  range  of  power  settings 
Can  be  preset  to  desired  power  level 
Operates  unattended  using  guard  circuits 

While  the  laser  is  the  heart  of  the  system  there  are 
six  other  important  sub-systems  that  are  required  (Fig.  II-l) . 
A  list  of  all  sub-systems  would  include: 

Basic  Elements  of  a  Laser  System 

1 .  Laser  Chamber 

2.  Controls 
Power  Level 

Sequence,  Operating* &  Start-up 
Tooling  Motion 
Safeguard  Shutdown 

3 .  Power  Supplies 
Discharge  Sustainer  Supply 
Preionizer  Supply 

Other  Special  Power  Requirements 

4.  Mechanical  Services 
Vacuum 

Gas  Makeup 

Pneumatic  Control  Pressure 
Cooling 

Gas  Stream  after  Discharge 
Optical  Elements 

5.  External  Optics 
Collimation 
Transmission 
Switching 
Focusing 

6 .  Tooling 
Gas  Shields 

Work  Piece  Support 
Work  Piece  Translation 
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Focal  Point  Placement 
Within  the  Work 
On  the  Weld  Path 


B .  OPTICS 

The  optics  of  most  metalworking  laser  systems,  including 
the  system  used  in  this  program  (Fig.  II-l) ,  can  be  divided 
by  function  into  two  portions: 

Functions  of  External  Optics 
Beam  Transfer 

Beam  Focus  (Working  Optics) 

Beam  transfer  optics  may  simply  direct  the  beeun  to  the 
working  optics  or  they  may  perform  several  other  functions: 

Functions  of  a  Beam  Transfer  System 
Beam  Power  Sampling 
Collimation 

Switching  (Time  Sharing) 

Splitting* 

Dithering* 

Transmission 

Optical  component  transmission  efficiencies  are  low  for 
most  materials  in  the  infrared  region.  Potassixan  chloride 
and  semi  :onductors  such  as  gallium  arsenide  are  exceptions. 
At  the  multikilowatt  power  level,  energy  densities  impinging 
on  optical  components  made  of  these  materials  are  often  high 
enough  to  create  stability  problems  which  affect  integrity  or 
optical  stability.  In  order  to  avoid  such  problems,  polished 
copper  reflectors  were  chosen  instead  of  transmission  lenses 
as  the  basic  optical  element  for  the  10  kilowatt  system  used 
in  this  program. 

The  beam  energy  lost  at  each  polished  copper  mirror  is 
1.3  -  1,5%  of  the  impinging  power.  Thus,  the  off  axis  F/21 
telescope  in  Fig.  II-l  directs  about  90%  of  the  emitted  beam 
onto  the  work  surface  using  seven  copper  reflecting  surfaces. 
This  value  has  been  verified  by  calorimetric  tests. 

*  Not  used  in  Program 
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The  coaxial  F/7  telescope  has  95-96%  of  the  beam  de¬ 
livered  to  its  lower  (small)  mirror.  However,  calorimetric 
checks  suggest  that  some  of  the  beam  bypasses  the  small 
mirror  and  is  dissipated  over  a  broad  area  on  the  work.  As 
a  result,  only  70%  (estimated)  of  the  energy  entering  the 
F/7  telescope  reaches  the  focal  point.  This  is  a  character¬ 
istic  of  the  specific  telescope  used  in  this  program  only. 

It  is  not  a  generic  characteristic  of  coaxial  telescopes. 

The  transmission  discrepancy  and  low  efficiency  of  the 
f/7  did  not  affect  the  program  since  sufficient  power  was 
available  to  produce  working  focal  points  with  equivalent 
power  in  either  system  up  to  12.5  Kw  on  the  work.  The  F/21 
could  operate  at  16.2  kw  using  the  same  power  from  the  laser. 

Note:  In  this  program  all  comparative  data  involving 

the  two  telescopes  and  all  referenced  procedures 
are  based  on  the  power  delivered  to  ths  focal 
point  on  the  work  unless  specified  as  beam  power 
or  power  at  the  aerodynamic  window. 

C .  TOOLING 

Workpiece  movement  was  achieved  and  controlled  through 
the  use  of  calibrated  O.C.  motor  drives  attached  to  the  feed 
screws  of  milling  machine  bases.  The  maximum  stroke  was 
21-3/4  inches.  Speeds  up  to  400  ipm  could  be  obtained. 

Stroke  length  was  varied  by  repositioning  limit  switches,  by 
limiting  run  time,  or  by  stopping  the  system  manually. 

Workpiece  hold  down  was  accomplished  by  mechanically 
clamping  to  a  heavy  carbon  steel  plate  with  a  1-inch-deep, 
1-inch-wide  underbead  gas  channel.  A  stiff  bridge  clamp  with 
threaded  force  points  was  used  on  half  inch  plate  welds  to 
iron  out  waviness  in  the  test  coupons. 

Several  important  elements  of  tooling  were  included  in 
the  experimental  program  and  are  discussed  in  Section  IV. 

These  are: 


The  shields  were  explored  to  optimize  upperbead  configura¬ 
tion.  Underbead  chills  and  beam  stops  were  evaluated  with 
respect  to  control  of  the  prominent  underbead  extension  that 
characterizes  deep  single  pass  welds.  The  beam  stops  were 
also  evaluated  with  respect  to  the  amount  of  beam  energy 
that  exists  from  the  bottom  of  the  cavity.  Guidelines  for 
the  design  and  use  of  shields  and  chills  will  be  found  in 
Section  IV  -  Process  Technology. 

D.  CONTROLS 

Each  work  station  shown  in  Fig.  II-l  is  equipped  with 
a  set  of  controls  that  permits  establishment  of  a  welding 
procedure.  These  controls  are: 

Basid  Work  Station  Controls 
Power 
Run 

Ups lope 
Downs lope 
Process  Speed 
Travel  Delay 
Run  Time  (If  Used) 

Shield  Gas  Delay  (Station  #1  Only) 

Stand  by  (Window  Open) 

Sequence  Start 

Other  set-up  controls  were  placed  on  the  main  console. 

These  include: 

Set-up  Controls 

Automatic  Start-up  Sequence  (beginning  of  shift) 
Automatic  Shut-down  Sequence  (end  of  shift) 
Sustainer 
Preionizer 

Make  up  Gas  Controls 

This  set  of  controls  was  not  involved  in  program  test  series. 

E.  WORK  PIECE  ALIGNMENT  AUXILIARY  He/Ne  LASER 

In  deep  penetration  welding  it  is  important  that  the  rela¬ 
tively  small  spot  be  placed  on  the  joint  (and  that  the  faying 
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Figure  II- 1 .  BASIC  ELEMENTS  OF  A  CO2  (CW)  LASER  SYSTEM 


surfaces  of  the  joint  be  .parallel  to  the  beeun  axis  for  the 
entire  section  thickness)  .  in  the  welding  system  used  for 
this  program,  an  auxiliary  milliwatt  (class  1)  visible-red, 
beam  is  automatically  injected  into  the  external  optical 
system  whenever  the  main  CO2  beaun  is  not  being  used. 

The  characteristics  of  this  avixiliary  system  are: 

Auxiliary  Alignment  Laser  Sub-System 

Power:  1.0  milliwatts 

injection:  Silvered  mirror  actuated  when 

aerodynamic  window  opened 
or  closed 

Transmission  to  Work:  Coaxial  with  Main  Beam 

+0.010" 

Focus  At  Work:  Coincident  with  CO^  Beam 

+0.030" 

The  operator  visually  aligns  the  red  spot  with  the  top  of  the 
tightly  closed  butt  weld.  Periodically  the  spot  position  is 
checked  by  a  very  light  tack  weld  made  on  a  surface  with  the 
main  beam.  The  red  He/Ne  spot  is  switched  on  to  determine 
that  its  center  visually  coincides  with  the  center  of  the 
tack  weld. 

Coincidence  can  be  judged  within  about  a  half  spot. 

Visual  acuity  plays  a  role  in  alignment.  However,  there  is 
invariably  a  slight  gap  in  the  joint.  The  reflected  light 
drops  off  noticeably  as  the  major  portion  (approximately 
the  center  one  third)  of  the  small  red  spot  coincides  with 
this  gap.  This  drop-off  can  be  detected  by  anyone  observing 
the  operation.  Thus,  alignment  really  implies  that  the  joint 
lies  within  the  center  one  third  of  red  He/Ne  spot. 

The  alignment  spot  is  approximately  0.015  ±  0.005  inch 
in  diameter,  thus  the  one  third  diameter  target  area  represents 
about  0.005  inch  and  constitutes  an  envelope  of  uncertainty 
in  spot-joint  alignment.  An  F/7  CO2  beam  spot  is  approxi¬ 
mately  0.040  inch  in  diameter.  Thus,  the  0.005  inch  wide 
area  of  uncertainty  represents  about  1/8  of  the  working  spot 
diameter  exclusive  of  a  possible  0.007  inch  calibration  error. 

F.  SAFETY 

All  work  was  accomplished  within  a  light  barrier  type  of 
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enclosure  made  of  acrylic  plastic.  Eye  level  joints  in  the 
enclosure  were  inspected  for  radiation.  Access  was  controlled 
by  interlocks.  Opening  the  enclosure  to  enter  shuts  off  the 
preionization  source,  thus  shutting  down  lasing  action.  The 
same  action  mechanically  places  a  metal  barrier  in  front  of 
the  beam  exit  in  the  side  of  the  chamber.  After  personnel 
have  left  the  enclosure  and  closed  the  doors  these  beam 
constraints  can  be  removed.  Removal  requires  two  separate 
actions  on  the  part  of  the  operator  at  the  console  who  must 
remove  the  barrier  and  activate  the  ionizer.  Audible  and 
visual  warnings  are  activated  when  the  first  constraint  (the 
metal  barrier  in  the  aerodynamic  window)  is  removed. 

With  fixed  hood  type  shielding  and  beam  path  enclosure 
to  the  shield,  an  enclosure  might  not  be  required.  Very  little 
radiation  escapes  from  under  a  hood  placed  tightly  against 
the  work  according  to  reflection  te'sts  run  during  the  program. 
Appendix  A  discusses  laser  safety  and  maintenance  in  detail. 

G.  SYSTEMS  TESTS 

The  application  of  a  high  power  density  energy  source, 
such  as  the  laser  beam,  to  critical  aerospace  structural  welding 
requires  precise  control  and  repeatability.  The  ability  of 
the  energy  source  to  produce  an  output  power  equal  to  the 
preset  power  and  to  precisely  control  that  output  for  the 
duration  of  the  weld  is  as  important  in  performing  a  welding 
development  program  as  it  is  in  welding. 

Not  only  must  the  amoxmt  of  power  be  controlled,  but, 
since  a  sound  weld  joint  is  the  objective  of  any  welding  pro¬ 
cess  this  power  must  be  placed  correctly  on  the  workpiece  to  be 
joined.  Assurance  must  be  given  that  otherwise  stable  support 
structures  do  not  move  as  the  mirrors  which  they  support  deal 
with  the  thousands  of  Watts  of  power  in  the  beam  of  multikilo¬ 
watt  (CW)  lasers . 

Additionally,  if  the  He/Ne  alignment  laser  is  to  be  used 
as  a  reference  it  is  important  that  its  beam  stay  coincident 
with  that  of  the  10.6  Micron  beam  during  long,  full-power  runs. 

The  purpose  of  the  experiments  described  under  System 
Tests  was  to  systematically  and  quantitatively  evaluate  the 
performance  of  the  existing  beam  power  control  system  and 
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also  the  stability  of  the  external  beam  transmission  and 
focusing  optics  (with  their  associated  visible  beam  alignment 
laser)  so  that  the  effect  of  these  control  sub-systems  could 
be  related  to  the  results  obtained  during  the  remainder  of 
the  program. 

1.  Controllability 

The  objective  of  this  task  was  to  verify  the  corres¬ 
pondence  between  the  setting  of  the  power  and  the  actual 
power  output  delivered  from  the  aerodynamic  window  of  the 
laser  (Fig.  II-2) .  These  define  controllability  which  in 
turn  is  made  up  of  two  characteristics; 

Repeatability  of  measuring  instrument 
Linearity  of  response 

In  these  tests  a  reference  IR  detector  replaced  the  fast 
response  pyro  electric  detector  normally  used.  The  laser 
power  was  monitored  by  instrumentation  which  received  a 
sample  of  the  beam  power  many  times  per  second  from  a  set 
of  rotating  reflectors  at  the  aerodynamic  window.  The 
instrument  is  a  continuous  power  meter,  commercially 
available  from  Coherent  Radiation  Laboratories,  for  CO2 
■laser  power  measurements.  The  CRL  meter  gives  a  continuous, 
on-line  readout  of  laser  power.  A  second  part  of  this  task 
was  to  compare  the  response  of  the  CRL  meter  to  power 
changes  against  a  calorimeter  which  absorbs  a  large  part  of 
the  energy  of  the  beam  and  responds  by  changing  temperature 
in  direct  proportion  to  laser  power.  By  using  the  time- 
temperature  response  of  such  a  calorimeter  it  is  possible  to 
verify  that  CRL  meter  response  is  proportional  to  power. 

The  experimental  procedure  was  as  follows; 

1.  Determine  Percentage  of  Beam  Sampled  for  IR 

Detector. 

2.  Observe  IR  Detector  Output  at  Five  Power  Levels. 

3.  Repeat  Step  2  seven  times  in  a  48  hr.  period. 

4.  Convert  Detector  Output  to  Beam  Power  Using 

^  Data  from  1. 

5.  Determine  Calorimeter  Output  at  Highest  of  the 

5  power  levels. 


MEASURED  BEAM  POWER 
(IR  DETECTOR*  )  IN  kW 


LASER  BEAM  PATH 


VtJlkMiSik 


6.  Observe  proportional  relationship  at  other  4  power 
levels. 

The  observed  results  suggest  that  the  beam  energy  called  for 
by  the  control  dial  settings  was  delivered  by  the  laser  to 
the  instrumentation  in  seven  tests  at  eight  power  levels 
during  the  two  day  test  with  accuracies  of  +  .5%  over  a  range 
of  powers  from  4.1  kW  to  14.5  kW.  A  slightly  reduced  re¬ 
peatability  was  observed  at  11.5  kW.  Using  the  time-tempera¬ 
ture  response  of  a  calorimeter  as  a  reference  it  was  deter¬ 
mined  that  the  power  values  reported  by  the  CRL  meter  reliably 
respond  to  changes  in  beam  power  resulting  from  proportional 
changes  in  control  settings. 

The  absolute  value  of  tl\e  power  delivered  from  the 
aerodynamic  window  was  established  by  IR  instrumentation 
techniques  that  represented  the  industry  standard  -  a  CRL 
power  meter.  Power  levels  up  to  14.5  kW  were  thus  measured. 

2 .  Regulation 

The  laser  used  in  this  program  is  capable  of  continuous 
operation  at  maximum  power  for  sustained  periods  of  time. 

Maximum  power  operation  is  only  acceptable  for  aerospace  man¬ 
ufacturing  if  it: 

Can  Be  Sustained  for  Long  Periods  of  Time 

Represents  Preset  Value 

Can  Be  Regulated  Thruout  Length  of  Run 

This  task  demonstrated  the  program  laser's  ability  to  meet 
these  requirements. 

For  these  tests ,  the  laser  was  operated  on  automatic 
control  by  first  setting  the  power  dial  at  the  desired  power 
and  then  pushing  the  laser  "On"  button.  The  controls  were 
not  touched  by  the  operator  for  the  duration  of  the  run. 

Fig.  II-3  illustrates  the  arrangement  of  the  laser  for  these 
tests.  The  fast  response  pyro-electric  detector  monitored 
the  laser  power  and  supplied  a  signal  to  the  closed  loop 
control  system  which  maintained  the  constant  preset  output 
power  value.  The  signal  from  the  detector  is  proportional 
to  the  power  directed  into  it.  If  the  power  into  the  de¬ 
tector  changes  from  the  preset  value^,  the  closed  loop  system 


automatically  makes  the  appropriate  corrections  to  increase 
or  decrease  the  laser  power  to  keep  the  signal  coming  into 
the  detector  at  the  desired  value. 

To  assure  detection  of  small  changes  in  power  the  gain 
of  the  recorder  was  set  maximum.  As  a  result  there  is  con¬ 
siderable  noise  in  the  trace  produced  by  the  recorder  as 
shown  in  Fig.  II-3. 

The  laser  power  was  monitored  by  observing  and  record¬ 
ing  the  output  of  the  fast  detector  for  three  25  minute 
runs  in  the  14-15  Kw  range.  Fig.  II-3  illustrates  a 
typical  run.  RMS  displacement  of  the  power  curve  was  in¬ 
vestigated  by  selecting  six  points  (such  as  points  A-E  in 
Run  1382,  Fig.  II-3)  that  appeared  to  represent  maximum  and 
minimum  power  levels  and  determining  the  location  of  a  point 
midway  between  the  extremes  of  high  frequency  noise  pattern. 

An  analysis  of  six  sample  power  levels  for  each  beam 
power  trace  suggests  that  up  to  15  Kw  the  RMS  variation 
over  the  25  minute  run  was  less  than  115  watts  out  of  15,000 
watts  (0.7%  of  the  nominal  power).  At  15.5  Kw  the  RMS 
variation  increased  to  298.6  watts  over  the  entire  run. 

3.  Stability  of  Spot  Location 

This  task  verified  the  reproducibility  of  the  six  water 
cooled  copper  mirrors  that  form  the  optical  path  between  the 
aerodynamic  window  and  the  beam  impingement  point  on  the  work- 
piece.  A  secondary  objective  established  the  coincidence 
of  the  visible  beam  from  the  Helium-Neon  alignment  laser 
relative  to  the  impingement  point  of  the  invisible  10.6  micron 
beam  from  the  CO2  laser.  The  Helium-Neon  laser  used  the  s^e 
mirrors  as  the  main  laser  beam,  plus  an  additional  set  of 
mirrors  and  lenses  to  introduce  its  beam  into  the  main  beam 
optical  path. 

For  these  tests  several  series  of  experiments  separated 
by  a  run  at  high  levels  of  power  were  carried  out  as  follows: 

Step  1  Prerun  Tests 

1.1  Place  unmarked  graphite  target  under  beam 


LASER  BEAM  PATH 


EXPERIMENTAL  SET  UP 


RUN  #  1362 


TYPICAL  POWER  TRACE  (14.5  kW) 


Figure  II-3.  LONG  TERM  REGULATION  OF  RUN  POWER 
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1.2  Measure  location  of  alignment  spot  (+  0.001") 

1.3  Fire  CO2  laser. 

1.4  Observe  (+  0.01"  at  5x)  coincidence  of  CO2 
mark  on  graphite  alignment  laser  spot. 

1.5  Repeat  l.l^,  1.2,  1.3,  1.4  six  times 

Step  2  Run  CO2  Laser  30  minutes  at  15  kW 

2.1  Leave  workpiece  in  place 

2.2  Deflect  beam  into  dump 

Step  3  Post  Run  Tests 

3.1  Place  unmarked  graphite  sample  in  target 

3.2  Measure  location  of  alignment  spot 

3.3  Fire  CO2  laser 

3.4  Repeat  3.1,  3.2,  and  3.3  six  times 

Step  4  Measure  all  CO2  Target  Marks  (+  0.001") 

Step  5  Compare  Data  from  Step  1  with  Data  from  Step  3 

Step  6  Analyze  significance  of  Step  5  comparison 

Fig.  II-4  illustrates  the  experimental  set  up.  In  carry¬ 
ing  out  the  above  steps  three  measurement  techniques  were 
required.  These  are  described  in  Table  II-l. 

Note:  Fixed  blade  of  micrometer  located  against  machined 
surface  of  target  for  reference.  Same  surface  used  with 
cross  hairs. 

These  techniques  are  illustrated  in  Fig.  II-4. 

The  observed  arithmetic  averages  of  the  CO2  beam  spot 
marks  from  Step  1  and  Step  3  suggested  that  the  location  of 
one  diameter  shifted  0.0055  inches  (less  than  ^  of  a  F/7 
focal  spot  diameter)  .  The  other  diameter  did  not  shift 
(Fig.  II-5)  .  This  shift  in  recorded  position  of  the  beam 
spot  was  analyzed  statistically  and  was  determined  not  to  be 
significant.  Additionally,  an  almost  identical  shift  in  the 
position  of  the  same  diameter  was  reproduced  simply  by  re¬ 
measuring  the  same  target  six  times  -  suggesting  that  the 
shift  results  from  block  placement  for  measurement. 
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Method 


Variable 


Measuring  Tool 


Remarks 


1 

Alignment  spot  location 
on  graphite  target 
(Step  1.2  &  3.2) 

Vernier  Caliper  with 
special  reference 
line  on  moving  blade. 

Line  placed  coincident  with 
spot  dla.  using  5X  eye  loop. 

Vernier  read  to  nearest  0,001" 

Two  observations  90°  apart. 

2 

CO2  laser  spot  location 
In  graphite  target 
(Step  1.3  &  3,3) 

Micrometer  stage  on 
25X  microscope  with 
cross  hair  reticle  in 
eye  piece. 

Cross  hair  placed  coincident  with 
diameter  of  hole  in  target  using 

25X  microscope.  Micrometer  read 
to  nearest  0.001".  Two  observa¬ 
tions  90°  apart. 

3 

Coincidence  of  align¬ 
ment  spot  with  mark  In 
target 

Scribed  reflector  at 
target  surface  cover¬ 
ing  1/2  of  mark  in 
target . 

Estimated  using  5X  eye  loop 
(0.01").  Two  observations 

90°  apart. 

Table  11- 1 .  SPOT  MEASUREMENT  TECHNIQUES 
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The  findings  are  summarized  in  the  following  paragraphs. 

The  position  of  the  auxiliary  low  power 
visible  rLge  was  checked  at  5x  against  a 

pie^sion  vLnier  caliper  and  there  was  no  observed  shift 
?”rrun-to-run  or  between  groups  of  runs  separated  by  a 
30  minute  full  power  run. 

The  reproducibility  and  control  of  the  mirror  focusing 
system  for  the  10.6 

accurately  measuring  the  p  nnwer  run  The  indi- 

prior  to  and  after  the  ^0  ninute  full  P»« 

lor  measurement. 

4.  Repeatability  Under  Welding  Conditions 
in  these  tests  all  the  elements  of  the  laser  system 

:ridf:rt^ 

was  used  for  other  tasks . 

pinhi-  Dlates  of  Type  321  stainless  steel,  0.250"  thick, 
6”  widefand  12"  long  were  prepared  by  and  cleaning 

with  acetone.  The  eight  plates  provided  material  for  four 
butt  weld  samples  using  the  following  procedure! 


Laser  Power: 

Speed: 

Focus : 

Beam  Jingle: 

Beam  Spot  Size  (F/NO) : 
Type  and  Place  of 
Shielding  Gas: 


*  lO.SkW  on  work 


15  kW  (aerodynamic 
at  window)  * 

100  IPM 

1/16"  below  plate  surface 
90°  to  plate  surface 
f/7 

Top:  Helium  in  off  axis 

gas  lens  45°  200  CFH 
Bottom:  Argon  6  CFH  in 

l"xl"  back  up  channel 
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On  each  of  four  days,  spaced  at  least  two  days  apart, 
each  sample  was  welded  by  setting  the  procedure  variables 
directly  onto  the  controls  without  adjustment  and  initiating 
the  automatic  welding  cycle.  The  laser  was  used  for  other 
tasks  during  the  time  interval  between  the  welds.  The  pro¬ 
cedure  selected  to  produce  the  weld  was  based  on  prior 
welding  experience.  It  is  not  intended  to  represent  an 
optimum  combination  of  welding  variables  as  Task  6  was 
aimed  at  exploring  the  interaction  of  power,  speed,  focus, 
beam  angle  and  selecting  the  best  combination. 

The  off  axis  shield  was  used  to  provide  a  non-turbulent 
flow  of  Helium  Gas  over  the  beam  interaction  point.  With¬ 
out  the  inert  gas,  a  standing  ionization  or  plasma  cloud 
would  form  above  the  weld,  absorbing  a  large  portion  of 
the  laser  power  and  thus  preventing  the  desired  weld  pene¬ 
tration.  This  type  of  shielding  over  the  weld  samples  was 
sufficient  for  this  task.  The  welded  samples  were  sectioned 
and  etched  to  allow  a  visual  observation  of  the  weld  zone. 

The  weld  profiles.  Fig.  II-5  indicate  the  same  depth-to- 
width  ratio  of  the  molten  zone.  The  small  changes  in  the 
cross  section  profiles  were  typical  of  variations  seen  along 
the  length  of  any  given  welded  seam.  The  top  bead  may  be 
influenced  by  the  gas  shielding  but  does  not  change  signifi¬ 
cantly.  All  the  welds  had  complete  penetration  along  the  entire 
length  of  the  seams. 
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MATERIAL  -  AISI  TYPE  321  I 

THICKNESS  -  1/4"  ^ 

POWER  -  15  kW  beam  power  ^ 

SPEED -100  IPM  j 

SHIELDING  GAS  -  HELIUM  (TOP) 

ARGON ( BOTTOM ) 


Figure  II-5.  REPEATABILITY  TEST  WELDS 


11-19 


Ill  -  PROGRAM  MATERIALS 

Aerospace  structures  are  produced  from  a  large  number 
of  materials.  The  materials  selected  for  this  program  represent 
a  broad  cross  section  of  useful  engineering  and  manufacturing 
characteristics . 

Program  Materials 
Type 

-  Titanium  Alloy  (Ti6Al-4V) 

-  Nickel  Base  Alloy  (718) 

-  Low  Alloy  High  Strength  Steel  (300M) 

-  Aluminum  Alloy  (2219-T87) 

-  Austenitic  Stainless  Steel  *(AISI321) 

*  Phase  one  only 

Each  alloy  was  investigated  at  several  nominal  thicknesses: 

Program  Materials 

Nominal  Thickness 

0.25  inch 
0.37  inch 
0.50  inch 
0.75  inch 

The  base  metals  selected  for  this  program  represent  a  range 
of  materials,  compositions  and  strengths  to  show  the  diverse  cap¬ 
abilities  of  laser  welding.  All  are  used  currently  throughout 
the  aerospace  industry  and  will  be  used  in  the  foreseeable  future 
in  both  welded  and  nonwelded  applications.  Each  has  attractive 
design  properties  such  as  toughness,  strength,  stress  corrosion 
resistance  and  elevated  temperature  stability.  All  are  con¬ 
sidered  weldable  by  one  or  more  processes.  Table  lll-l  sets 
forth  alloy  designation.  Nominal  strength  and  procurement  spec¬ 
ification.  Table  III-2  lists  program  thicknesses. 
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A .  ALUMINUM  ALLOY 

Alxominvun  Alloy  2219-T87  represents  an  extensive  background 
in  both  welded  and  nonwelded  applications,  particularly  where 
strength  is  required  at  moderate  elevated  temperatures,  compared 
to  the  new  or  slightly  higher  strength  7XXX  series  alloys  such 
as  7039,  7007  and  7106.  It  has  also  demonstrated  good  resistance 
to  stress  corrosion  cracking  with  various  weld,  post- we Id  heat 
treatments  compared  to  2XXX  series  alloys  such  as  2014,  2021  and 
less  weldable  2024.  Recently,  2219-T851  was  selected  for  major 
air  frame  structures  because  of  its  good  fracture  toughness  and 
elevated  temperature  stability.  It  has  also  been  selected  as 
base  line  alloy  for  liquid  engine  tankage. 

B.  STAINLESS  STEEL 

Stainless  Steel  321  is  considered  a  good  representative  of 
the  18-8  type  stainless  series  with  Ti  added  as  a  carbide  sta¬ 
bilizer  to  avoid  heat  affected  zone  intergranular  cracking  from 
welding  or  elevated  temperature  service.  It  finds  wide  usage 
in  aerospace  applications  requiring  formability,  weldability, 
moderate  strength  at  elevated  temperatures  and  corrosion  resis¬ 
tance.  Alloy  2lCr-6Ni-9Mn  was  also  considered  a  candidate  as 
the  next  step  to  a  higher  strength  stainless  and  is  being  init¬ 
ially  used  as  hydraulic  tubing  in  several  large  commercial  jet 
aircraft.  However,  it  is  considered  that  321  will  be  more  re¬ 
presentative  of  the  stainless  family  at  this  time.  Stainless 
was  welded  in  Phase  1  only  of  this  program. 

C.  TITANIUM  ALLOY 

Titanium  Alloy  6A1-4V  is  the  most  universally  accepted 
alloy  for  the  majority  of  titanixim  applications  in  the  aerospace 
industry.  It  is  available  in  all  product  forms  and  applications 
range  from  small  fasteners  heat  treated  to  160  UTS  to  large  plate 
and  die  forgings  in  the  annealed  condition.  Structural  appli¬ 
cations  utilize  the  annealed  condition  to  take  advantage  of  good 
strength  and  high  toughness  so  this  condition  is  selected  for 
this  program.  Ti-6AL-2Sn  and  Ti-8AL-LMo-IV  were  also  considered 
but  lower  toughness  and  poorer  weldability  of  the  former  and 
fewer  existing  applications  of  the  latter,  generally  in  sheet 
gauges,  were  their  main  d'^"'backa-  The  more  recently  developed 
Beta  alloys  were  also  considered  and  have  potential  for  future 
application  after  final  development.  The  alpha  beta  6AL-4V  is 
more  representative  of  current  and  future  applications. 
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D.  NICKEL  BASE  ALLOY 

Nickel  Base  Alloy  718  achieves  the  highest  strength  of  the 
nickel  base  alloys  and  is  considered  more  weldable  than  other 
popular  nickel  base  alloys  such  as  Waspalloy  or  Rene  41,  Its 
main  advantage  is  stability  at  elevated  temperatures  up  to 
1000°F  so  it  is  applied  mainly  in  engine  areas  such  as  hangers, 
ducting  fasteners  and  fittings.  It  is  also  used  in  turbine 
manifolds  and  gas  generators.  It  is  used  in  both  "as  welded" 
and  "Weld  plus  STA",  the  former  welds  can  be  located  in  low 
load  areas. 

E.  LOW  ALLOY  HIGH  STRENGTH  STEEL 

Low  Alloy  High  Strength  Steel  300M  quenched  and  tempered, 
is  used  extensively  as  heavy  section  high  strength  landing 
gear  components  and  is  the  highest  strength  commercially  avail¬ 
able  steel  acceptable  to  design  engineers  for  critical  applica¬ 
tions.  Although  not  universally  used  in  components,  it  has 
been  flash  welded.  Repair  fusion  welds  have  been  satisfactorily 
accomplished.  It  is  a  good  candidate  for  fabricating  large 
components  by  welding  but  undoubtedly  will  require  quench  and 
tempering  after  welding.  That  post  weld  heat  treatment  was 
used  in  this  program.  The  Maraging  steels  and  HP  9Ni-4Co  series 
alloys  were  also  considered  at  lower  strength  levels  for  ease 
of  fabrication,  forming  and  their  higher  toughness  level,  but 
their  composition  does  not  fall  within  the  scope  of  the  program' 
low  alloy  high  strength  steel  definition. 
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System 

Classification 

Alloy 

Designation 

Product 

^TU  Capability 
(DSl) 

Procurement 

Specification 

Aluminum  Alloy 

2219-T87 

Plate 

62 

MIL-A-8920A 

Stainless  Sterl 

321  ANN 

Plate 

75 

MIL-S-6721 

Titanium  Alloy 

6AL-4V  ANN 

Plate 

130 

MIL-T-9049 

Nickel  Base  Alloy 

Inconel  718 

Plate 

180 

AMS  5596  (1) 

Low  Alloy,  High 
Strength  Steel 

300M,  O&T 

Bar 

275 

DMS  1935  (2) 

(1)  Procured  in  solution  treated  condition  and  aged  after  welding . 

(2)  Processed  in  normalized  condition  for  welding  prior  to  O&T. 


Table  III- 1.  PROGRAM  MATERIALS 


System 

Classification 

Specimen  Thickness 

Aluminum  Alloy 

.25 

.37 

.50 

.75 

Stainless  Steel 

.25 

.37 

.50 

.75 

Titanium  Alloy 

.25 

.37 

.50 

.75 

Nickel  Base  Alloy 

.25 

.37 

.50 

.75 

Low  Alloy,  High 
Strength  Steel 

.25 

.37 

.50 

.75 

Table  III-2 .  PROGRAM  MATERIALS 


III-4 


SECTION  IV 


PROCESS  TECHNOLOGY 


A  nvunber  of  the  tasks  throughout  the  program  had  as  their 
objective  the  development  of  laser  welding  process  technology 
in  support  of  the  preparation  of  plates  for  NDE  and  mechanical 
testing.  These  include: 


Phase  I  -  Task  1; 

Phase  I  -  Task  2: 
Phase  I  -  Task  3: 

3.1: 

3.2: 

Phase  I  -  Task  4: 
Phase  I  -  Task  6: 
Phasell  -  Task  1: 

Phasell  -  Task  1: 


Reflectivity 

Evaluation  of  Shield  Gases 
Tooling 

Tooling  for  Gas  Shielding 
Underhead  Tooling 
Effect  of  Surface  Finish 
Effect  of  Process  Variables 
Procedure  Development,  cleaning  & 
Preparation 

Procedure  Development,  Joint  Pitup 
(gaps  &  mismatch) 


This  information  has  been  brought  together  in  Section  IV 
because  these  tasks  constitute  the  nucleus  of  a  manufacturing 
technology.  This  technology  could  be  of  assistance  in  evalu¬ 
ating  equipment,  tooling  concepts  and  production  approaches  to 
the  implementation  of  heavy  plate  laser  welding  in  the  aerospace 
industry. 


A .  PREWELD  PREPARATION 


Preweld  preparation  requirements  were  identified  during 
procedure  development  in  Phase  II  -  Task  1.  Their  welds  were 
the  first  program  welds  to  be  subjected  to  radiography  to  check 
internal  soundness.  Internal  soundness  is  an  important  criter¬ 
ion  in  selection  of  a  preweld  cleaning  process. 

1.  Cleaning  Prior  to  Laser  Welding 

Wire  brushing  plus  acetone  cleaning  was  found  to  be  an  effec 
tive  method  of  cleaning  titanivim,  nickel  base  alloy  and  carbon 
steel.  Aluminvim  cleaning  was  not  reviewed.  Only  total  oxide 
removal  was  evaluated  for  aluminum. 
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In  this  program  the  plate  edges  to  be  fusion  welded  were 
prepared  by  blanchard  grinding.  Blanchard  grinding  places 
a  premivun  on  deburring  and  cleaning.  Grinding  produced  heavy, 
rolled  burrs  at  the  edge  of  the  plate  where  the  wheel  exited. 

This  edge  was  found  to  be  a  potential  source  of  entrapment 
for  grinding  fluid  and  wheel  debris.  And,  had  to  be  completely 
removed  by  deburring.  The  ground  face  was  suspected  of  holding 
some  imbedded  grit  particles. 

Aluminum  edges  were  prepared  by  dry  milling. 

In  all,  four  commonly  employed  preweld  preparation  pro¬ 
cesses  were  evaluated: 


Method 

Method 


I 

II 


Method  III; 


Method  IV 


Deburr,  Acetone  clean  with  wire  brush. 
Same  as  Method  I  plus  detergent  wash 
(Alconox  -  Tri  Sodium  Phosphate)  rinse. 
Same  as  Method  II  plus  chemical  etch/ 
rinse  (see  Table  IV-1  for  etchants) . 
(Aluminum  Only)  Mechanically  remove 
oxide  film  by  scraping  surface  with 
a  sharp  edged  tool.  No  other  treatment 
was  evaluated  on  aliaminum. 


In  developing  the  procedures  for  the  manufacture  of  test 
plates,  several  set-up  welds  were  made  using  each  of  the  above 
methods  under  similar  speed,  power,  focus  and  shield  gas  set¬ 
tings.  These  welds  were  radiographed  and  rated  according  to 
the  amount  of  observed  porosity.  Pig.  IV-1  summarizes  the 
ratings  for  each  method  of  preparation. 

Careful  deburring,  followed  by  wire  brushing  and  acetone 
sluicing  exhibited  the  lowest  porosity  index  for  each  material 
on  which  this  simple  cleaning  method  was  applied.  (Carbon 
steel.  Titanium,  and  the  Nickel  base  alloy)  . 

Where  facilities  are  equipped  to  carry  out  detergent 
cleaning  or  chemical  etching  under  close  process  control, 
these  methods  might  also  be  adopted.  Their  results  were  not 
markedly  different  from  the  wire  brush/acetone  methods.  Opti¬ 
mization  of  chemical  cleaning  procedures,  however,  was  not  with 
in  the  scope  of  this  study  nor  was  it  consistent  with  available 
facilities . 

Aluminum  cleaning  methods  have  been  extensively  reviewed 
in  other  programs  (Ref.  IV-1) .  The  method  chosen  represents  a 
procedure  that  has  been  used  to  avoid  porosity  in  GTA  &  GMA 
welding  of  critical  components.  Total  removal  of  the  oxide 
film  eliminates  the  major  base  metal  related  source  of  hydro- 
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PROGRAM  MATERIAL  COMPOSITION  (500  ml  BATCH) 


Low  Alloy  Carbon  Steel 
(300M) 

Fe  CI3  30  gms 

H  Cl  100  ml 

H2O  (Tap)  400  ml 

Temp.  100°  F 

Time  10-15  minutes 

Titanium  Alloy 
(6A1  -  4  V) 

HNO3  225  ml 

HF  20  ml 

H2O  (Tap)  445  ml 

Temp.  100°  F 

Time  10-15  minutes 

Nickel  Base  Alloy 
(Inconel  718) 

HNO3  100  ml 

HF  10  ml 

H2O  (Tap)  390  ml 

Iron  (Fe)  5  gms 

Temp.  100°  F 

Time  10-15  minutes 

Aluminum  Base  Alloy 
(2219  -  T87) 

Not  etched 

Table  IV-1.  PREWELD  ETCHING  SOLUTIONS 
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METHOD  I  -  METHOD  2  - 

SOLVENT  AND  DETERGENT 

WIRE  BRUSH  CLEAN  AND 

RINSE 


METHDD  3- 

ACID  ETCH 
AND  RINSE 


METHOD  4  - 

MECHANICAL 
REMOVAL  OF 
OXIDE  BY 
SCRAPPING 
(ALUMINUM 
ONLY) 


Figure  IV- 1 . 


RELATIVE  EFFECTIVENESS  OF 

^TTRUHTTmT/^  m  #t"»»T'TT /^T^O 
liNVjl 
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gen.  Hydrogen  is  a  major  source  of  porosity  in  aluminum. 

As  noted  in  Fig.  IV-1,  even  this  fully  developed  method  of 
cleaning  failed  to  produce  an  acceptable  laser  weld  in  alumi¬ 
num.  The  basic  need  was  therefore  assvimed  to  be  for  further 
aliaminum  welding  process  development  -  not  better  cleaning. 

2.  Surface  Finish  Effect  and  Reflectivity. 


Task  2  -  Phase  I  measured  reflection  during  welding  to 
determine  if  phenomena ^  which  are  characteristically  associated 
with  deep  penetration  welding  (particularly  the  cavity) ,  actu¬ 
ally  do  cause  much  of  the  beam  to  be  absorbed.  The  beam  of  a  CO2 
laser  (10.6  micron  wavelength)  exhibits  high  reflectivity 
from  metal  surfaces  when  the  power  level  is  sufficiently  low 
so  that  the  surface  is  not  disturbed  or  oxidized.  However,  in 
order  to  effect  a  narrow  deep  weld,  several  phenomena  are  in¬ 
volved  which  may  ch  nge  the  reflectivity  situation.  These  are: 

Melting 

Vaporization 

Cavity  Formation 

Additionally,  some  oxidation  of  the  weld  pool  may  be  assumed 
under  conditions  of  marginal  shielding. 

All  of  the  above  factors  influence  reflectivity  of  the 
impinging  beam. 

In  Task  4  -  Phase  I  tests  were  conducted  to  determine  if 
work  piece  surface  finish  might  also  be  a  factor  -  one  which 
would  have  to  be  taken  into  consideration  with  respect  to  pene¬ 
tration  control  in  production. 

The  results  of  Task  4  suggest  that  the  program  materials 
can  present  greatly  varied  surface  finishes  to  the  laser  beam 
without  influencing  the  ability  of  the  beam  to  penetrate  the 
material. 

The  average  penetration  depths  observed  in  the  presence 
of  the  various  surface  finishes  are  shown  in  Fig.  IV  -  2. 

No  significant  effect  was  observed.  The  maximvim  difference  , 
in  penetration  for  all  surface  conditions  is  only  3.5%. 

Averaging  all  materials  together  reduces  the  maximum  observed 
difference  to  1.39%.  It  would  be  difficult  to  separate 
effects  such  as  these  from  run  power  variations  or  measure¬ 
ment  inaccuracies.  If  workpiece  conditions  did  influence  the 
welding  beam,  the  effect  might  be  expected  to  be  more 
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apparent  in  the  aluminum  samples.  In  these  samples  one  area 
had  been  scraped  and  polished.  This  area  could  have  had,  at 
most,  only  a  light  natural  oxide.  At  the  opposite  end  of  the 
same  sample  the  aluminum  was  covered  with  a  heavy  mill  oxide. 
According  to  Fig.  IV  -  2  the  penetration  at  both  areas  was 
identical. 

Tables  IV  -  2  and  IV  -  3  describe  the  conditions  under 
which  a  half  inch  thick  plate  of  each  program  material  was 
prepared  with  four  zones  representing  different  surface  con¬ 
ditions  and  welded  (bead-on-plate,  partial  penetration)  with 
a  15kw  beam  (lO.Skw  on  work).  A  welded  sample  is  shown  in 
Fig.  IV  -  3.  The  depth  of  penetration  was  measured  metallo- 
graphically  at  two  points  within  each  zone.  Experimental 
finishes  ranged  from  bright  polished  surfaces  through  rough 
machined  surface  conditions  to  the  as-received  finish. 

(Table  IV  -  2) . 

A  second  set  of  reflectivity  tests  measured  the  beam 
impingement  region  reflection  at  7%  of  the  incoming  energy 
when  welding  stainless  steel,  carbon  steel,  titanium,  and 
nickel  base  alloy.  Aluminum  reflected  about  14%  of  the  beam. 

The  experiment  was  conducted  by  placing  a  calibrated 
thermopile  at  declination  angles  of  20°,  40°,  and  75°  with 
respect  to  the  laser  beam.  The  themopile  was  optically 
filtered  (long  pass)  to  prevent  visible  and  near  infrared 
light  from  entering.  The  power  of  the  laser  and  thermopile 
readings  were  recorded  simultaneously.  The  data  from  the  off 
axis  reading  was  plotted  and  extrapolated  to  0°  to  permit  an 

estimate  of  the  irradiance  where  it  reaches  its  maximum,  coin¬ 
cident  with  the  beam  path  location.  Readings  at  various  de¬ 
clination  angles  were  checked  at  a  second  azimuthal  position 
90°  from  the  initial  position  to  assure  that  reflectance  was 
equal  in  all  directions.  When  this  assumption  had  been  veri¬ 
fied  total  irradiance  was  calculated  by  integrating  thermopile 
readings  over  a  hemisphere  with  the  surface  of  the  work  piece 
as  its  base  and  the  weld  at  its  center.  Corrections  were 
then  made  for  filter  and  optical  train  transmission.  The 
correct  reflected  power  value  was  then  divided  by  the  recorded 
laser  power. 
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ocrix  or  PCNTTNATION -(INCHES) 


LEGEND 


□  POLISHED  SUflflkCE 


STAINLESS 

STEEL 

(AUST) 


LOW  ALLOT 
CARBON  STEEL 


TITANIUM 

ALLOY 

(6AI-4V) 


NICKEL  BASE 

ALLOY 

(INCOTIB) 


ALUMINUM 

ALLOY 

(22IB-T8T) 


AVERAGE  ALL 

materials 


Figure  IV-3  .  OBSERVED  PENETRATION 


CONDITION 

DESCRIPTION 

Mechanically 

Polished 

Produced  by  placing  end  of  test  bar  on 
metallurgical  silicon  carbide  abrasive 
polishing  belt  with  280  wet  paper, 
resulting  in  a  bright  metallic  finish. 

Abrasive 

Blasted 

Blasted  at  90  psig  with  dry  250  grit  non- 
recycled  silicon  oxide  grit  resulting  in  a 
uniform  matte  gray  finish. 

Rough 

Machined 

Generated  with  a  single  point  tool  mounted 
in  a  shaper  so  that  distinct  grooves  (30/inch) 
were  scribed  approximately  0.015  inches 
into  the  surface. 

Received 

Aluminum  was  left  with  the  original  gray 
heat  treating  oxide  from  the  mill  on  its 
surface.  All  other  materials  were  scale 
free  and  pickled  to  a  light  matte  gray  as 
they  came  from  the  mill. 

Table  rV-2  ,  EXPERIMENTAL  SURFACE  CONDITION 
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111  f-yhitf'ii' 


VARIABLE 


Power  (kW) 


SETTING 


15  (10.5  on  Work) 


Speed  (inches  per  minute) 
Telescope-Work  Distance 


F/Number 


Surface  Condition 


Shielding 

Upper  Surface  Gas 


Lower  Surface  Gas 


Tooling 


28-1/16 


Variable 


90/10  HeA  (126  CFH) 


10"  Hood 


Table  IV-3.  EXPERIMENTAL  WELDING  PROCEDURE 
SURFACE  FINISH  EFFECT 


Figure  IV-4.  FIT-UP  TEST  PLATE 


The  percent  reflection  of  as-received  surfaces  was  as 


follows: 

Stainless  Steel  1% 
Titanium  7% 
Low  Alloy  Carbon  Steel  7% 
Nickel  Base  Alloy  1% 
Aluminum  14% 


The  true  values  for  reflection  may  be  slightly  less  than 
those  listed  above.  Unavoidable  spillover  of  low  intensity 
beam  energy  onto  the  test  plate  occurs  each  time  welding  is 
carried  out.  This  light  fell  well  outside  of  the  weld  zone 
but  within  the  viewing  area  of  the  detector.  With  its  low 
specific  energy  this  spillover  light  would  reflect  rather 
efficiently  from  any  metal  surface  which  it  struck.  This 
extraneous  source  of  10.6  micron  light  was  minimized  by  paint 
ing  the  cool  areia  of  the  plate  black  using  colloidal  graphite 

3.  Effect  of  Variations  in  Joint  Fit-Up 

Because  the  beam  can  penetrate  substantial  plate  thick¬ 
nesses  in  a  single  pass,  the  accepted  joint  geometry  for 
laser  welding  is  that  of  the  butt  weld.  However,  variations 
in  the  preweld  fit-up  of  butt  joints  occasionally  occur.  The 
plates  may  not  be  aligned  across  the  joint  (mismatch)  .  This 
is  particularly  common  in  circumferential  joints  between 
cylinderical  sections. 

The  faces  of  the  joint  may  not  touch  all  points  along 
the  length  of  the  joint.  This  is  called  gap.  In  arc  welding 
gap  may  affect  heat  flow  patterns  ahead  of  the  slow  moving 
process.  In  the  case  of  high  energy  beams,  this  effect  is 
probably  not  important.  However,  the  gap  does  permit  the 
beam  to  pass  between  the  plates  and  usurps  the  role  of  the 
cavity.  This  creates  a  special  problem  for  beam  welding 
processes  which  depend  on  the  cavity. 

In  this  program,  the  effects  of  variations  in  preweld 
fit-up  were  studied  as  a  part  of  Task  1,  Phase  ll  and  the 
following  observations  were  made: 


a.  Mismatch.  Mismatch  conditions  of  as  much  as  1/16  inch 
were  encountered  in  1/2  inch  thick  titanium  butt  welds  with 
no  effect  on  the  exterior  appearance  of  the  weld.  The 
mechanical  testing  of  joints  with  mismatch  was  beyond  the 
scope  of  this  program. 

b.  Gap.  A  specimen  was  designed  (Figure  IV-4)  with  segments 
of  the  butt  joint  face  ground  back  to  create  a  series  of  in¬ 
creasing  gaps.  Each  gap  was  approximately  1  inch  long.  In 
these  studies,  standard  welding  procedures  were  subjected  to 
inconsistent  joint  fit-up  conditions  in  the  form  of  these  manu¬ 
factured  gaps  in  1/4  inch  plates  of  program  materials.  Gaps 
up  to  0.14T  were  investigated. 

Small  0.02T  (0.005”) 

Medixun  0.04T  (0.010") 

Large  0.08T  (0.020") 

Very  Large  0.14T  (035) 

Gaps  between  abutting  faces  of  a  joint  cause  the  crown 
to  sink  and,  if  the  gap  is  severe,  the  underbead  pulls  up. 

Weld  cross  section  is  reduced.  Ultimately,  the  beam  drops 
through  the  joint  without  interacting  with  the  faces  of  the 
joint  at  all. 

Figure  IV-5  illustrates  the  effect  of  variable  fit-up 
in  the  form  of  gaps  on  weld  cross  section.  Even  the  smallest 
(0.02  T)  gap  influences  joint  cross  section,  but  gaps  of 
about  0.04  T  can  be  tolerated  before  the  cross  section  drops 
below  full  (100%)  plate  thickness. 

At  the  0.08  T  gap,  both  crown  and  underbead  were  recessed 
so  that  only  a  thin  joint  was  formed  at  mid-thickness. 

B.  TOOLING 

Welding  processes  such  as  electron  beam  and  laser  pene¬ 
trate  the  work  by  forming  a  vapor  cavity  in  the  joint  at  the 
point  of  beam  impingement.  When  full  penetration  is  achieved, 
this  cavity  extends  through  the  plate.  Experience  in  the  design 
of  tooling  in  vacuum  electron  beam  welding  has  suggested  that 


a  portion  of  the  beam  energy  (and  some  molten  metal)  exits 
from  the  bottom  of  the  cavity.  This  energy/metal  stream 
interacts  with  either  the  underbead  tooling »  or  if  the  tool¬ 
ing  does  not  provide  a  backstop,  with  any  work  piece  surfaces 
that  may  be  located  within  several  inches  of  the  weld  underbead. 

In  these  tests  (Task  3.2  Phase  I)  tooling  considera¬ 
tions  for  laser  welds  were  considered. 

1.  Backstop  Tooling 


The  need  for  underbead  backstop  material  did  not  appear 
to  be  as  important  for  laser  welds  as  it  is  for  electron 
beam.  Surfaces  1  1/4  inches  below  the  weld  were  not  damaged 
by  the  laser  beam.  The  electron  beam  would  have  affected  such 
surfaces.  Surfaces  1/4,  1/8  and  1/16  below  the  surface  did 
receive  molten  metal.  Surfaces  1/8  and  1/16  inches  below  the 
work  also  received  beam  energy.  Figure  lV-6. 

Beam  stops  of  copper,  graphite  and  stainless  steel  were 
all  placed  1/16,  1/8  and  1/4  inches  below  the  workpiece  to 
determine  if  there  was  an  optimum  placement  -  material  com¬ 
bination  that  would  affect  underbead  width,  drop  thru  or 
contour.  No  overall  trend  was  noted. 

Thus  the  back  stoiJ  portion  of  tooling  appeared  to  rep¬ 
resent  a  means  for  protecting  other  workpiece  surfaces  but 
exercised  no  effect  on  the  underbead  size  or  contour  of  the 
underbead . 


2 .  Chill  Spacing 

Underbead  chill  proved  to  be  more  effective  than  back¬ 
stop  placement  in  controlling  underbead  size  and  contour. 
Figure  IV-7  shows  the  stepped  test  chill  bar.  Table  IV-5 
lists  the  spacing  levels,  and  Figure  IV-8  shows  the  tooling 
used  to  establish  uniform  contact  with  the  chill. 

Increasing  chill  results  in  a  sharper  underbead  exten¬ 
sion  according  to  Figure  IV-9.  Spacing  chills  less  than  one 
joint  thickness  apart  does  not  appear  to  be  desirable  if  a 
flat  smooth  underbead  is  desired. 
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Weld 

Parameters 

Low  Alloy 

Carbon  Steel 

Titanium  Alloy 

Nickel  Base  Alloy 

Base  Metal 
Specification 

300  M 

(MIL  S  8844  C12  Cond.  E2) 

6A1-4V 

(MIL-T-9046) 

Inconel  718 
(AMS  5596) 

Heat  Treat  Cond . 

(as  welded) 

Normalized  and  Annealed 

— 

Annealed 

Solution  Treated 

Thickness 

0.25'‘ 

0.25" 

0.25" 

Travel  Speed 

100  1pm 

Same 

Same 

Focus 

i/i  at  21-11/32" 

Same 

Same 

Surface 

Preparation 

Deburr,  wirebrush  and 
rinse  with  acetone 

Same 

Same 

Shielding  Gas 
let 

Trailer 

Set  Back 

Lift  Off 

Filler  Wire 

Tooling  Conf. 

Gap 

Mismatch 

100  CFH  He 

25  CFH  Argon 

7/16" 

0.040  (nom.) 

Not  used 

F24  W/RM#6 

Experimental  Var. 

005  Max. 

Unless  Noted 

Same 

Same 

Same 

Same 

Not  Used 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Not  Used 

Same 

Same 

Same 

Table  IV-4.  FIT  UP  TEST  WELDING  PROCEDURES 


NEEDLE 

VALVE 


*  REVERSED  FOR 
VARIAILE  CHILL 
TESTS 


UNOERBEAD 
GAS  IN 

/ 

BACK  STOP 

smcER 


EXHAUST 
U/B  GAS 


TO 

MANOMETER 


FOR 
CHILL  TESTS 


COPPER  CHILL 


Figure  IV-6.  UNDERBEAD  TOOLING  EXPERIMENT 


INCHES  INCHES  DEGREES 


UNDERBEAO  CONTOUR 


CHILL  SPACING  ( IN  TERMS  OF  PLATE  THICKNESS  ) 


Figure  IV-9,  RELATIVE  UNDERBEAD  CONTOUR 

ppppr-TS  PROM  O.HTTTS 
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SETTING 

VARIABLE 

Stainless 
Steel 
(AISI  321) 

Low  Alloy 
Carbon  Steel 
(AISI  4130) 

Tltanliim 

Alloy 

(6A1-4V) 

Nickel 

Base  Alloy 
(Inconel  718) 

Aluminum 

Alloy 

(2219-T87) 

Power  (KW) 

IS 

15 

15 

IS 

14 

Speed  (1pm) 

90 

85 

100 

85 

130 

Telescope-Work 

Distance 

(2) 

(2) 

(2) 

(2) 

(2) 

F/Number 

7 

7 

7 

7 

7 

Surface  Condition 

(3) 

(3) 

(3) 

(3) 

(3) 

Shielding 

Upper  Surface 
(Type) 

(Gas/Flow-CFH) 

(Trail  Gas/ 

Flow/CFH) 

(4) 

He/50 

A  25 

(4) 

He/so 

A  25 

(4) 

H3/S0 

A  25 

(4) 

He/50 

A  25 

(5) 

He/200 

N/A 

Lower  Surface 
(He/A  In  CFH) 

4-2 

4-2 

4-2 

4-2 

4-2 

Tooling  (spacing  of 
variable  width  copper 
chill  bars  -  see 

Table  IV-6 

A 

A 

A 

A 

A 

Type  Off  Joint 

BOP 

BOP 

BOP 

BOP 

BUTT 

(1)  Measured  at  beam  exit  from  laser  cavity. 

(2)  All  experiments  run  at  a  28  inch  distance  from  the  telescope  and  also  a  distance  of  28-1/16  inches. 

(3)  All  plates  cleaned  In  accordance  with  Table  111-2. 

(4)  A  composite  hood  with  Jet  located  In  the  forward  Up  of  the  trailer  was  used  In  all  tests. 

(5)  Diffuser  manifolds  placed  one  inch  apart  face-face  along  weld  and  sealed  to  plates  with  tape. 


Table  IV-5.  EXPERIMENTAL  WELDING  PROCEDURES  -  TOOLING  TESTS 


CONFIGURATION 

CHILL  SPACING  AT 

ZONE  A 

Inches  % 

ZONE  B 

Inches  % 

ZONE  C 

Inches  % 

ZONE  D 

Inches  % 

I 

0.062  25 

(27) 

0.186  75 

0.311  125 

0.436  175 

II 

0.100  40 

0.224  90 

(99) 

0.349  140 

(155) 

0.465  185 

(207) 

(1)  Thickness  as  a  percentage  of  the  0.25  nominal  plate  thickness  (percentage  values  In  parentheses  refer  to  the 
thlckness-chlll  space  relationship  for  the  0.227  inch  thick  Inconel  718  material). 

(2)  Chill  Bars  made  from  copper,  specimen  rests  on  1/8  x  1/8  Inch  Up  machined  Into  upper  surface  of  bar.  Narrow 
Up  assures  high  unit  pressure  at  plate-copper  interface  and  assures  good  contact  between  specimen  and  chill 
bar. 

Table  lV-6. 
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Data  for  Figure  IV-9  is  presented  in  terms  of  relative 
change  because  discussion  of  absolute  changes  would  have 
involved  absolute  bead  widths.  At  this  point  in  the  pro¬ 
gram  (Task  3.2  Phase  I)  no  procedure  development  had  been 
carried  out  and  absolute  data  may  have  represented  over  or 
under  welding  in  addition  to  chill  effects. 

3 .  Effect  of  Underbead  Gas  Pressure 

The  presence  of  identifiable  droplets  of  ejected  metal 
on  the  surface  of  backstop  implies  that  pressure  plays  a 
role  in  the  formation  of  the  underbead.  The  possibility  that 
slight  underbead  pressure  might  counteract  the  drop  through 
of  metal,  was  evaluated  in  this  part  of  Task  3,  Phase  I. 

These  tests  showed  that  underbead  pressure  has  a  definite 
effect  on  the  somewhat  protruding  underbead  of  deep,  narrow 
welds  such  as  the  laser  (or  electron  beam)  produces.  Because 
the  laser  operates  in  air,  this  pressure  could  be  adjusted  to 
reduce  underbead  protrusion. 

The  effect  of  underbead  pressure  on  laser  welds  is  to 
push  the  protruding  bead  up  toward,  or  even  into,  the  test 
plate  (Figure  lV-10) .  The  effect  of  pressure  seems  related 
to  metal  density.  That  is,  the  amount  that  the  underbead  is 
pushed  up  by  a  given  pressure  is  roughly  proportional  to  the 
density  of  the  metal. 

According  to  Figure  IV-10,  an  underbead  pressure  of 
18  mm  of  water  would  cause  an  aluminum  bead  to  become  flush 
with  the  test  plate  surface.  A  pressure  of  22  mm  wo^ld  do 
the  same  for  titanixim.  Figure  IV-10  shows  that  the  process 
is  critical  for  these  materials.  Therefore,  establishing 
and  maintaining  pressure  within  a  fraction  of  a  millimeter  would 
be  necessary  to  keep  the  process  in  control. 

Nickel  base  alloys,  carbon  steel,  and  stainless  steel 
respond  less  to  a  pressure  change  so  that  approximately  40  mm 
is  required  to  produce  a  flush  vinderbead.  But,  even  30  mm 
results  in  a  lesser  underbead  projection  than  occurs  at 
ambient  pressure.  For  these  heavier  materials,  significant 
control  of  underbead  by  pressure  occurs  over  a  range  of 
pressures  and  appears  to  be  practical. 
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As  a  corollary  to  the  above  ideas,  it  should  be  noted 
that  failure  to  assure  proper  venting  of  underbead  gas  in 
tooling  designs  may  cause  inadvertent  pressure  changes  with 
a  loss  of  control  over  underbead  contour.  This  would  be 
particularly  true  of  aluminum.  The  basic  tooling  arrange¬ 
ment  shown  in  Figure  IV-8  was  used. 

Measurements  were  taken  at  a  point  approximate!  ■  2 
inches  from  the  beginning  of  the  weld.  At  this  point  the 
plate  was  fully  penetrated  and  gas  temperature  (and  pressure) 
had  not  begun  to  rise.  Pressure  readings  are  accurate  +2  mm 
of  water.  The  welds  were  produced  in  the  test  plate  according 
to  the  procedure  shown  in  Table  IV  -  8.  The  test  material  was 
0.25  inches  thick. 

C.  SHIELDING  GAS  PERFORMANCE 

Unlike  electron  beams,  the  laser  beam  does  not  need  a 
vacuum  to  produce  a  narrow  deep  weld  in  metals.  The  metals, 
however,  need  some  form  of  shielding  if  the  resulting  welds 
are  to  be  free  of  porosity. 

The  objective  of  Task  2,  Phase  I  was  to  determine  the 
suitability  of  several  gases,  and  gas  mixtures,  to  shield 
metals  that  were  being  welded  by  lasers.  A  suitable  shield¬ 
ing  gas  for  laser  welding  is  one  whichs 

. . .  does  not  interact  with  the  laser  beam  and  thus 
reduce  the  amount  of  power  available  for  pene¬ 
trating  the  joint 

. . .  has  good  blanketing  characteristics  at  the  high 
speeds  which  characterize  laser  welding  procedures 

...  is  metallurgically  compatible  with  the  base  material 

In  this  task  the  effect  on  penetration  of  a  candidate 
shielding  gas  was  given  first  priority.  Additionally,  gases 
were  qualitatively  evaluated  in  terms  of  blanketing  capa¬ 
bility.  Concepts  of  metallurgical  compatibility  were  adapted 
from  conventional  welding  practice.  For  example,  although 
hydrogen  mixtures  were  tested  on  austenitic  stainless  steel 
and  carbon  steels  to  confirm  their  effect  on  penetration,  no 
endorsement  of  such  practice  without  further  metallurgical 
evaluation  is  implied. 


IV-20 


PRESSURE  OF  UNDERKAO  OAS  (ARSON)  IN  MILLIMETERS  OF  WATER 
(0.tS  INCH  THICK  PLATE) 


igure  IV-10.  EFFECT  OF  UNDERBEAD  PRESSURE  ON  UNDERBEAD  SHAPE 
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As  a  corollary  to  the  above  ideas,  it  should  be  noted 
that  failure  to  assure  proper  venting  of  underbead  gas  in 
tooling  designs  may  cause  inadvertent  pressure  changes  with 
a  loss  of  control  over  underbead  contour.  This  would  be 
particularly  true  of  aluminum.  The  basic  tooling  arrange¬ 
ment  shown  in  Figure  IV-8  was  used. 

Measurements  were  taken  at  a  point  approximately  2 
inches  from  the  beginning  of  the  weld.  At  this  point  the 
plate  was  fully  penetrated  and  gas  temperature  (and  pressure) 
had  not  begun  to  rise.  Pressure  readings  are  accurate  +2  mm 
of  water.  The  welds  were  produced  in  the  test  plate  according 
to  the  procedure  shown  in  Table  IV  -  8.  The  test  material  was 
0.25  inches  thick. 

C.  SHIELDING  GAS  PERFORMANCE 

Unlike  electron  beams,  the  laser  beam  does  not  need  a 
vacuum  to  produce  a  narrow  deep  weld  in  metals.  The  metals, 
however,  need  some  form  of  shielding  if  the  resulting  welds 
are  to  be  free  of  porosity. 

The  objective  of  Task  2,  Phase  I  was  to  determine  the 
suitability  of  several  gases,  and  gas  mixtures,  to  shield 
metals  that  were  being  welded  by  lasers.  A  suitable  shield¬ 
ing  gas  for  laser  welding  is  one  which: 

, . .  does  not  interact  with  the  laser  beam  and  thus 
reduce  the  amount  of  power  available  for  pene¬ 
trating  the  joint 

. . .  has  good  blanketing  characteristics  at  the  high 
speeds  which  characterize  laser  welding  procedures 

...  is  metallurgically  compatible  with  the  base  material 

In  this  task  the  effect  on  penetration  of  a  candidate 
shielding  gas  was  given  first  priority.  Additionally,  gases 
were  qualitatively  evaluated  in  terms  of  blanketing  capa¬ 
bility.  Concepts  of  metallurgical  compatibility  were  adapted 
from  conventional  welding  practice.  For  example,  although 
hydrogen  mixtures  were  tested  on  austenitic  stainless  steel 
and  carbon  steels  to  confirm  their  effect  on  penetration,  no 
endorsement  of  such  practice  without  further  metallurgical 
evaluation  is  implied. 


VARIABLE 

SETTING 

Power 

15  KW  (except  as  noted  in  data) 

Speed 

Low  Speed  (easy  shielding): 
Intermediate  Speed: 

Very  Fast  (diffucult  shielding): 

60  IPM 

120  IPM 

240  IPM 

Telescope-Work  Distance 

28-1/16  inch  +  1/32  inch 

F/Number 

7 

Surface  Condition 

Per  Table  III-2  each  alloy 

Shielding 

Upper  Surface 

140  CFH  total  flow  +  7  CFH  (experimental 
gases  listed  in  Table  V-1) 

Lower  Surface 

None  (partial  penetration  welds) 

Tooling 

10  Inch  Hood  (see  Figure  V-2) 

No  Underbead  Tooling 

Note:  All  experimental  inert  gases  and  CO2  are  welding  grade,  H2  and  O2 
are  99.999  purity. 

Table  IV-7  .  EXPERIMENTAL  WELDING  PROCEDURE  - 
SHIELDING  GAS  EVALUATION 
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The  full  coverage  hood  and  welding  fixture  are  shown 
in  Figure  IV-11.  The  welding  procedure  is  listed  in  Table 
IV-7. 

It  was  observed  that  some  shielding  gasses  actually 
enhance  penetration  when  the  results  are  compared  to  air. 
Helivnn  results  in  an  almost  100%  improvement  over  air. 
Hydrogen  and  mixtures  of  helium  with  other  gasses  provide 
various  blanketing  qualities  and  also  increase  the  penetrat¬ 
ing  action  of  the  beam  as  opposed  to  its  action  in  air. 

Some  of  the  improvements  that  were  observed  when  welding 
on  austenitic  stainless  steel  are: 


Gas  Mixture 

100%  Helium 
90%  Helivnn, 
70%  Helium, 
99%  Helium, 
50%  Hydrogen 
100%  COo 


Penetration  Blanketing 


10%  Argon 
10%  Argon 
1%  Hydrogen 
50%  Argon 


(Air  = 
1.78 
1.92 
1.69 
1.98 
1.14 
1.28 


1) 


Fair 

Good 

Very  Good 

Poor 

Good 


Metallurgical 

Effect 

None 

None 

None 

Possible 
Very  Possible 


Surface  Oxidized  None 


Figures  IV  -  12,  13,  14,  15  and  16  show  the  effects  of 
these  and  other  gasses  on  all  program  materials  and  at  higher 
speeds.  From  these  figures,  certain  general  observations 
can  be  made.  Helium  permitted  the  best  penetration.  Argon 
seemed  to  react  with  the  beeun  (perhaps  by  formation  and 
maintenance  of  a  plasma)  and  inhibited  penetration.  Helium 
did  not  provide  perfect  blanketing  of  the  weld  in  high  speed 
shielding  situations.  When  shielding  was  less  than  perfect, 
the  intrusion  of  air  had  a  severe  effect  on  penetration. 
Additions  of  10%  argon  improved  blanketing.  The  exclusion 
of  air  by  argon  resulted  in  a  greater  penetration  improvement 
than  the  offsetting  plasma  forming  tendency  of  the  argon. 
Mixtures  of  30%  argon  with  helivim  usually  resulted  in  some 
loss  of  penetration.  At  50%  argon  concentration  (in  helium) 
shield  damage  was  frequent  unless  welding  speed  kept  the 
welding  cycle  very  short.  Thus,  the  limiting  amount  of  argon 
seemed  to  fall  between  30  and  50  per  cent  with  little  to  be 
gained  from  concentrations  over  about  10%. 
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LASER  BEAM 


BEAM 


SUPPORT  BRACKET 


L.4SER 

BEAM 

ENTRANCE 


COPPER 

HEAT 

SINK 


DISTRIBUTION 

MANIFOLDS 


DESIGN  OF  SHIELD  USED  TO  ESTABLISH  ATMOSPHERE  ABOVE  TEST  WELD 


Figure  IV-11.  APPARATUS  FOR  DETERMINING 
EFFECT  OF  SHIELDING  GAS 


Weld 

Number 

Gas  Stream 
Length 

Angular  Relationship 

Weld  to  Stream  Stream  to  Surface 

Gas  Flow 
CFH 

Radiographic  Results 

140 

,56" 

coaxial 

52° 

30 

porous  full  length  Incomplete  penetration 

142 

.56“ 

coaxial 

52° 

60^ 

clear 

143 

.56" 

1/4"  to  one  side 

o 

CM 

60 

1 

clear 

147 

1.27" 

coaxial 

52° 

60 

clear 

144 

.79" 

coaxial 

52° 

60 

clear 

145 

.95" 

coaxial 

52° 

60 

clear 

146 

1.11" 

coaxial 

52° 

60 

clear 

153 

2.22" 

coaxial 

52° 

60 

clear 

152 

2.06" 

coaxial 

52° 

60 

clear 

151 

1.90" 

coaxial 

52° 

60 

clear 

154 

2.38" 

coaxial 

52° 

60 

1 

clear 

ISO 

1.74“ 

coaxial 

52° 

60 

clear 

149 

1.58" 

coaxial 

52° 

60 

clear 

148 

1.42" 

coaxial 

52° 

60 

clear 

156 

.56" 

5°  stream 
directed  at  pool 

52° 

60 

clear 

155 

_ 

.56" 

5°  stream 
directed  at  pool 

o 

o 

60 

clear 

1 .  Procedure 

Material  -  low  alloy  carbon  steel  1/4"  thick;  power  -  15  kw;  speed  -  100  1pm:  telescope-work  distance  -  28-1/16  -  1/32; 
F/Number  -  7;  surface  condition  -  as  received,  shielding  -  upper  surface:  off  axis  nozzle  100%  helium  (flow  as  noted), 
lower  suHace  -  none;  tooling  -  multichannel  fixture. 


Table  IV-8.  TOLERANCE  FOR  ALL  AXIS  SHIELD 
POSITION  FORWARD  FLOW 
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Figure  IV-12.  EFFECT  OF  SHIELDING  GAS  ON 

PENETRATION  60  IPM  STAINLESS  STEEL 
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100%  HI -MO  FLOW  (STAINLESS  STEEL  U8CD  *3  MEFCRENCE) 


Figure  IV-13.  EFFECT  OF  SHIELDING  GAS  ON  PENETRATION 
60  IPM  LOW  ALLOY  CARBON  STEEL 
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AI.UMINUM  TITANIUM  NICKEL  EASE 

ALLOY _ ALLOY _ ALLOY 


IOO*A  HELIUM 

90%  HELIUM  -  10*/.  AROON 

T0%  HELIUM  -  SO*/.  ARGON  NOTE;  SHIELD  DAMAGED  AT  CONCENTRATION  Of  90%  ARGON 
100%  HELIUM 

//////////////////// /r////////////rr///7-rrr/^? ////?/?  ^/ /////////\ 


90%  HELIUM  -  10%  ARGON 

77 /r7-7/7//7///77ff7;;77///77!J  77/7/71 

70%  HELIUM  -  30%  ARGON  NOTE:  SHCLD  DAMAGED  AT  CONCENTRATION  OF  90%  ARGON  IN  HELIUM 
Tr-777777  7  7  7  7  7777777777/7777  777  7////// 7  /  /  .’  •  7  77 /7r77/7777  7-7-7-X 


100%  HELIUM 


- =  = - '-  -  -  - - 

90% 

HELIUM  - 10%  ARGON 

7CW. 

HELIUM  -  30*A  ARGON 

90*/. 

HELIUM  -  30%  ARGON 

REF. 
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Figure  IV-14.  EFFECT  OF  SHIELDING  GAS  ON  PENETRATION 
60  IPM  OTHER  PROGRAM  MATERIAL 


IV-27 


OeSCRWTION  OF  MS 


CO,  marginally  improved  penetration  on  austenitic 
steel  when  compared  to  welds  made  in  air.  Penetration 
in  low  alloy  carbon  steel  was  less  than  that  of  the  refer¬ 
enced  weld.  The  type  of  weld  may  have  affected  results. 

The  improvement  was  not  nearly  as  great  or  consistent  as 
that  conferred  by  helivim  or  helixim  10%  argon  mixtures. 

Hydrogen  provides  slight  benefits  with  respect  to 
penetration  when  added  to  helium.  Experiments  with  small 
amounts  of  H2  and  O2  suggested  that  the  role  of  hydrogen 
can  change,  if  it  is  in  an  inert  atmosphere,  it  benefits 
penetration.  If  air,  or  another  source  of  oxygen,  such 
as  CO2  is  present  the  hydrogen  foms  water  vapor  which 
interferes  with  the  penetrating  ability  of  the  beam. 

Hydrogen  improved  the  appearance  of  CO2  welds  on  steel. 
However,  there  was  evidence  of  hydrogen  rejection  during 
freezing.  The  metallurgical  effects  of  hydrogen  should  be 
studied  before  it  is  used. 

Small  quantities  (2%)  of  oxygen  can  be  used  with  CO2  or 
helium  without  a  severe  effect  on  penetration. 

The  flow  rate  used  throughout  the  experiment  was  140  CFH. 
The  rate  was  established  to  confom  to  experimental  require¬ 
ments  for  positive  shielding.  It  does  not  represent  an 
optimum  or  necessarily  an  economically  feasible  flow  rate. 
Tests  showed  that  the  experimental  heliiun  flow  rate  could 
be  halved  at  60  ipm  without  causing  a  great  loss  in  pene¬ 
tration.  CO2  must  have  slightly  greater  blanketing  power 
than  helium  because  no  effect  was  observed  at  60  ipm  when 
the  experimental  gas  flow  rate  was  halved. 

The  higher  speed  (120  ipm)  processes  appeared  to  be 
mors  sensitive  to  reduction  in  flow  with  respect  to  helium. 
Thus  the  process  speed  must  always  be  considered  with  dis¬ 
cussing  flow  rates.  This  would  be  particularly  true  when 
light  gasses  were  involved. 

In  considering  shielding  gasses,  the  introduction  of 
air  must  always  be  considered.  In  these  tests  the  shield 
skirt  was  placed  within  1/32  inch  above  the  plate  surface. 

A  small  amount  of  air  can,  potentially,  enter  under  the 
skirt.  Absolute  sealing  is  impractical  since  there  is  also 
a  beam  entrance  in  the  top  of  the  hood  that  must  be  open  to 


IV-30 


the  atmosphere.  The  small  amount  of  air  that  could  enter 
under  the  skirt  provided  a  good  visual  indicator  of  the 
blanketing  characteristics  of  the  inert  gasses.  The  amount 
of  air  increases  with  speed  and  decreases  with  blanketing 
capacity  of  the  gas. 

The  thermal  stability  of  the  shielding  device  must 
also  be  considered  in  terms  of  air  leakage  and  its  effect 
on  penetration.  When  the  shield  is  heated,  it  bows.  The 
ends  raise  and  air  can  enter  at  the  front  edge  of  the  hood 
as  the  plate  is  moved  under  it. 

In  evaluating  the  data  from  this  task,  the  following 
experimental  procedures  should  be  considered.  The  distance 
that  the  fixed  experimental  welding  procedure  penetrated 
into  the  1/2  inch  thick  specimen  was  measured  by  cutting 
and  etching  each  weld  at  two  points.  Penetration  of  the 
weld  into  the  plate  was  interpreted  as  a  function  of  the 
experimental  gas  atmosphere  above  the  plate  surface. 

The  blanketing  characteristics  of  experimental  gasses 
were  evaluated  by  observing  the  color  of  the  upper  beads  of 
the  experimental  welds. 

D.  EVALUATION  OF  GAS  SHIELDING  METHODS 

In  order  to  capitalize  on  the  ability  of  the  laser  to 
operate  in  the  shop,  inert  gas  deliveiry  Shields  must  be 
considered.  Such  shields  were  evaluated  in  Task  3.1  of 
Phase  I. 

Inert  gas  shields  for  multikilowatt  lasers  must  have 
two  characteristics: 

. . .  Ability  to  provide  the  required  level  of  shielding 
over  the  entire  process  area  -  and  ability  to  do 
so  at  very  high  welding  speeds. 

...  A  free  path  for  the  beam  from  the  telescope  to 
the  work  surfaces.  Solid  window  materials  were 
not  available  at  the  power  levels  employed  in 
this  program. 
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The  experimental  arrangement  was  the  same  as  that 
used  to  study  the  effect  of  shielding  gasses  except  that 
several  experimental  shield  configurations  were  substitu¬ 
ted  for  the  full  hood  shield  configuration  used  during 
shield  gas  tests.  These  configurations  were: 

Off  Axis 
Jet  Trailer 
Diffuser  Hood 
Static  (Fixed  to  Work) 

Manifolds  Integral  with  Hold  Down  Bars 
Flood  Shield 

1.  The  Off  Axis  Shield 

This  shield  configuration  (Fig.  IV-17)  is  the 
simplest  and  most  flexible  of  the  four  methods  evaluated. 

It  is  particularly  useful  in  complex  structures,  for 
example,  box-like  weldiaents  or  weldments  where  the  relatively 
bulky  and  directional  full  hood  type  of  shield  cannot  be 
manipulated.  This  flexibility  is  gained  by  completely  de¬ 
coupling  the  shield  from  the  workpiece  -  in  contrast  to 
trailers  or  hoods  which  must  be  operated  close  to  the  work 
surface.  In  this  program,  the  off  axis  concept  was  tested 
on  0.30?^  C  low  alloy  steel.  Marginal  shielding  is  readily 
detected  radiographically  in  steels  with  such  carbon  levels. 
Nickel  base  alloy  and  stainless  steel  are  not  as  sensitive 
to  shielding  as  high  carbon  steel,  and  Titanium  cannot  be 
adequately  shielded  by  the  localized  flow  which  is  charac¬ 
teristic  of  the  off  axis  nozzle.  Thus,  testing  was  confined 
to  carbon  steel. 

In  these  tests  the  off  axis  shield  with  its  coherent 
stream  from  its  gas  lens,  provided  sufficient  shielding 
to  permit  radiographically  clear  welds  to  be  made  in  a 
C.25  inch  low  alloy  carbon  steel  (AISI  4130)  under  a 
number  of  commonly  encountered  manufacturing  conditions. 
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Figure  IV- 17  .  TYPICAL  O/F  AXIS  SHIELDING  NOZZLE 


For  example,  bead-on-plate  welds  through  1/4  inch  thick 
carbon  steel  were  produced  with  two  nozzle  orientations: 

. . .  forward  facing  nozzle  over  the  weld  bead  with 
gas  directed  forward  over  the  pool,  cavity, 
and  unwelded  metal.  This  orientation  is  required 
to  weld  into  a  corner. 

. . .  backward  facing  nozzle  placed  over  unwelded  metal 
with  gas  directed  backward. 

Both  nozzle  orientations  worked  woll.  In  the  forward 
flow  direction,  the  gas  stream  could  be  extended  to  2.6 
inches  before  porosity  was  observed  (60  CFH  helium  flow)  . 

In  the  backward  flow  direction  a  1.7  inch  stream  length 
was  achieved  before  porosity  was  observed  in  the  weld. 

At  a  minimvim  stream  length,  0.6  inches,  the  lower  level 
of  gas  flow  appeared  to  lie  between  50-60  CFH  (heliiun)  . 

If  pivoted  about  its  impingement  point  on  the  weld,  the 
stream  from  the  nozzle  could  be  directed  5°  from  the 
weld  centerline  (60  CFH,  0.6  inch  stream  length)  and  still 
keep  porosity  from  forming.  Additionally,  the  coherent 
stream  was  demonstrated  to  be  large  enough  in  diameter  to 
cover  the  molten  steel  pool  even  though  the  centerline  of 
the  stream  was  offset  1/4  inch  from  the  weld  centerline. 

Tables  IV  -  8  and  9  set  forth  the  experimental  procedures 
and  radiographic  interpretation. 

The  off  axis  shield  would  not  be  expected  to  provide 
good  shielding  in  heavy  drafts  or  at  high  speeds. 

A  commercially  available  GTA  "gas  lens"  type  of  nozzle 
was  used  throughout  these  tests.  It  is  described  in  reference 
IV-2.  The  ceramic  nozzle  is  not  required  in  order  to  obtain 
the  lens  effect  and  was  removed  when  the  laser  plasma  caused 
it  to  degrading  gas  flow. 

2.  The  Jet-Trailer  Shield 

The  jet-trailer  shield  configuration  shown  is  Figure 
IV- 18,  extends  shielding  technology  beyond  the  off  axis 
system.  It  does  this  in  two  ways; 

. . .  gas  jet  manipulation  of  the  plasma  (blowing) 

...  increased  blanketing  of  the  solidifying  weld 


Weld 

Number 

Gas  Stream 
Length 

Variance 

Angular  Relationship 

Weld  to  Stream  Stream  to  Surface 

Gas  Flow 
CFH 

Radiographic  Results 

19S 

.562“ 

coaxial 

38° 

30 

porous  full  length  (incomplete  penetration) 

199 

.562" 

coaxial 

38° 

60 

clear 

200 

.702" 

coaxial 

38° 

60 

clear 

201 

.877" 

coaxial 

38° 

60 

clear 

202 

1.096" 

coaxial 

38° 

60 

clear 

203 

1.370" 

coaxial 

38° 

60 

clear 

204 

1.712" 

coaxial 

38° 

60 

clear  but  5°  Incomplete  penetration 

205 

2.130" 

coaxial 

38° 

60 

<;lear  but  25%  Incomplete  penetration 

206 

562“ 

noszle  on  seam 

5°  to  left 

38° 

60 

porous  full  length 

207 

.562" 

1/4"  to  one  stream 

38° 

60 

clear 

208 

.582" 

5°  strain 
(directed  at  pool) 

52° 

60 

clear  (flatter  U/B) 

209A 

.562" 

coaxial 

52° 

40 

first  30%  porous 

209B 

.562" 

coaxial 

52° 

_ 

50 

one  pore  (typical  U/B) 

*  Procedure 

Materiel  -  low  alloy  carbon  iteel  1/4"  thick, 
1/32;  F/Number  -  7,  lurface  condition  -  as 
flow  as  noted),  lower  surface;  None,  tooling 

power  -  15  KW,  speed  -  100  ipm;  telescope-work  distance  -  28-1/16  + 
received,  shleldli^g  -  uppper  surface;  off  axis  nozzle,  100%  helium 
-  multichannel  fixture. 

Table  IV-9 .  TOLERANCE  FOR  ALL  AXIS  SHIELD 
POSITION  BACKWARD  FLOW 
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a.  Reactive  Metals 


One  application  for  the  jet-trailer  shield  is  high 
speed  welding  procedures.  This  is  an  important  considera¬ 
tion  since  multikilowatt  laser  welds  are  often  carried 
out  at  speeds  above  100  ipm. 

The  jet-trailer  does  not  provide  full  shielding  for 
reactive  materials  however.  Titanium  welds  produced  with 
the  jet-trailer  exhibited  very  small  zones  of  contamina¬ 
tion  on  either  edge  of  the  fused  zone  (Figure  IV-19)  .  In 
the  early  stages  of  the  program,,  it  was  felt  that  jet- 
trailer  shields  would  provide  reliable  coverage  for  titanium. 
Rigorous  examination  of  welds  in  Phase  ll  indicated  that 
the  jet-trailer  was  not  reliable  or  consistent  under  all 
circumstances.  Careful  adjustment  of  jet  flows,,  coupled, 
with  metallographic  examination  might  eliminate  this  effect. 

b.  Set-Up  Tolerances 

The  effect  of  the  hood  setback  (distance  from  the 
beam)  and  lift  off  above  the  plate  surface  were  evaluated. 
These  are  important  tooling  considerations.  Setting  the 
hood  too  close  to  the  beam  might  require  a  complex  cooled 
structure  to  withstand  the  plasma  radiation.  Running  the 
trailer  skirt  too  close  to  the  plate  might  cause  unnecessary 
stubbing  of  the  shield  and  a  resulting  defect. 

Figure  IV-20  confirms  that  shielding  is  best  if  the 
trailer  does  run  reasonably  close  (0.375")  to  the  beam  and 
is  set  close  (0.010  inches)  from  the  plate.  Under  these 
conditions  trailer  gas  flow  can  be  reduced  by  a  factor  of 
four.  In  fact,  only  when  the  trailer  is  close  to  the  beam 
can  significant  skirt  lift  off  be  used.  Significant  skirt 
lift  off  is  also  limited  to  very  high  speeds  where  the  dwell 
time  of  the  molten  metal  between  the  cavity  and  the  hood 
is  short,  and  to  maximum  trailer  gas  flow.  Vfhen  a  large 
set  back  (0.625")  was  employed,  only  the  minimum  lift  off 
setting  was  effective;  and  then  only  when  maximum  gas  flow 
was  used. 

Over  the  life  of  an  extended  application,  the  cost 
of  hoods  designed  for  operation  near  the  plasma  and  close 
to  the  work  might  be  justified.  Justification  would  be 
based  on  the  75%  reduction  in  trailer  gas  that  appears 
possible. 
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Figure  IV-20.  EFFECT  OF  JET  TRAILER  SHIELD  DESIGN  ON  SHIELDING  CAPABILITY 
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Figure  IV-21.  EFFECT  OF  JET  FLOW  RATES  ON  PROCESS  PENETRATION 
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c.  Jet  Gas  Flow 


The  jet  gas  flow  rate  was  considered  and  its  effect 
on  the  process  (in  terms  of  penetration)  is  shown  in 
Figure  IV-21. 

Apparently  this  particular  jet  trailer  shield  achieved 
the  maximum  jet  effect  at  50  CFH  helium.  Jet  configuration 
may  vary  from  shield  to  shield  such  that  the  values  in 
Figure  IV--21  could  not  be  transferred,  but  the  trend  should 
be  similar. 

3.  Diffuser  Hoods 


Hoods  of  the  type  shown  in  Figure  IV-22  were  introduced 
into  the  program  to: 

. . .  provide  high  speed,  full  coverage  shielding 

...  eliminate  the  inconsistent  shield  of  the  jet  on 
titanium 

...  eliminate  metal  turbulance  from  off-axis  and  jet 
stream  when  welding  aluminum 

This  type  of  hood  was  not  evaluated  as  systematically  as 
those  previously  described  because  it  was  not  part  of  Phase  I, 
Task  3.2.  Instead,  it  was  used  to  assist  in  Weld  Prodcedure 
Development  Phase  II,  Task  1. 

a.  Reactive  Metals. 

The  diffuser  hood  successfully  overcame  the  weld  line 
contamination  that  had  been  observed  when  the  jet  trailer 
was  used  to  produce  initial  1/4  inch  thick  titanium  fatigue 
test  panels.  Even  at  weld  speeds  of  100,  ipm  full  shield¬ 
ing  was  observed  with  the  diffuser  hood. 

b.  Alximinum, 


The  use  of  the  diffuser  hood  on  aluminvim  produced  smooth 
welds  with  acceptable  levels  of  scattered,  metallurgical 
(hydrogen  related)  porosity  at  gas  flows  of  50  CFH  of  helium 
plus  10  CFH  argon,  based  on  studies  described  in  Ref.  IV-3. 
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Figure  IV-22.  WATER  COOLED  DIFFUSER  HOOD 
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NOTE;  Aluminum  welding  appears  to  be  dominated  by  a 
material-related,  periodic  metal  expulsion  which  is  not 
affected  by  the  kind  of  shielding  systems  that  are  aimed 
at  suppressing  gas  -  metal  reactions  (i.e.  the  shielding 
system  studied  in  this  program) .  Therefore,  previously 
reported  observations  of  shield  effects  on  aluminum  have 
been  consolidated  under  the  subject  of  aiuKiinttm  weldability 
and  reported  in  this  context. 

4.  Preplaced  Gas  Manifolds 


The  manifolds  described  in  Figure  lv-23  are  gas  dif¬ 
fusers  placed  adjacent  to  the  weld  and  parallel  to  its 
axis.  The  gas  flows  out  and  across  the  weld  area  so  as 
to  flood  the  weld  area  with  a  shielding  gas  and  protect 
the  weld  from  the  atmosphere  with  a  minimum  of  turbulence. 
Such  manifolds  might  be  designed  into  weld  tooling.  This 
would  assure  gas  shielding  in  confined  areas  where  it  would 
be  otherwise  difficult  to  get  the  shielding  devices. 

The  total  gas  flow  requirements  of  manifolds  are  gen¬ 
erally  higher  than  other  shields  because  the  whole  joint 
is  flooded  -  not  just  the  molten  puddle.  To  save  gas  on 
very  long  welds,  the  manifolds  might  be  segmented  so  that 
the  gas  flow  could  be  directed  to  specific  segments  as  the 
laser  welding  process  progressed  down  the  weld  joint. 
Another  potential  method  for  lower  gas  consumption  is  to 
use  a  manifold  on  one  side  and  a  buffer  or  solid  wall  on 
the  opposite  side. 

The  design  of  the  manifolds  was  changed  or  modified 
several  times  before  a  prototype  was  defined.  The  proto¬ 
type  manifold  is  illustrated  in  Figure  IV-23.  The  main 
problem  in  manifold  design  was  obtaining  uniform  gas  dis¬ 
tribution  over  the  entire  length  of  the  manifold.  Uniform 
shielding  was  achieved  in  the  test  manifold  by  using  a 
copper  tube  to  feed  gas  to  the  diffuser  -  rather  than  a 
plenum.  The  copper  tube  has  small  holes  drilled  along 
its  length.  A  porous  bronze  (coarse)  diffuser  plate  was 
placed  over  the  tube  to  insure  an  even  flow  of  gas.  In 
some  manifolds,  steel  wool  and  a  copper  screen  we;^'e  used  in 
place  of  the  porous  bronze. 

The  manifolds  had  to  be  held  securely  against  the  wold 
plate.  The  manifolds,  therefore,  also  acted  as  tooling 
clamps  to  hold  the  test  plate  in  place.  The  distance 
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Figure  IV-23.  MANIFOLDS 


between  the  manifolds  was  varied  from  1/4  inch  to  1  inch 
to  determine  practical  limits  on  spacing.  Special  pre¬ 
cautions  were  taken  to  make  sure  that  air  could  not  seep 
under  the  manifold  from  the  back  face.  A  piece  of  tape  or 
caulking  was  placed  on  the  outside  of  the  manifold  configura¬ 
tion,  between  the  manifold  and  the  test  plate,  to  prevent  this 
chimney  effect.  A  high  temperature  elastomer  seal  could  be 
built  into  the  manifold. 

Bead-on-plate  welds  in  1/4  inch  thick  stainless  steel 
suggested  that  manifold  spacings  greater  than  1  inch  produced 
contamination.  Runs  made  with  one  manifold  removed  and  a 
flat  solid  plate  substituted  reduced  gas  consumption  40%. 
Helium  gas  was  used  on  most  of  the  runs,  but  several  runs 
were  made  with  small  additions  of  argon.  It  was  hoped  that 
this  would  reduce  the  required  gas  flow,  but  the  effect  was 
not  observed.  For  this  particular  set  of  manifolds,  any  flow 
below  150  CFH  of  helium  per  manifold  had  a  noticeable  effect 
on  the  shielding.  The  optimvim  flow  appeared  to  be  220  CFH  per 
foot  of  manifold  length. 

Demonstration  butt  welds  on  several  types  of  materials 
were  made  using  optimum  flows  and  manifold  locations.  Welds 
were  produced  in  0.25  inch  304  stainless  steel,  0.25  inch  low 
alloy  carbon  steel,  and  0.25  inch  6A1-4V  titaniiun.  Procedures 
are  listed  in  Table  IV-10.  Backup  shielding  gas  was  used  in 
making  the  titanium  weld.  Radiographic  evaluation  showed  a 
useable  quality  level  with  scattered  small  porosity  in  all 
areas  where  the  manifolds  provided  good  shielding. 

NOTES  In  these  tests  the  manifold  was  traveling  with  the 
part  during  the  weld.  This  movement  affected  the  gas  flow 
near  the  ends  of  the  manifold.  The  effects  were  generally 
not  observed  until  travel  speeds  over  150  ipm  were  reached. 

5.  Flood  Shielding 


The  laser  beam  can  be  directed  into  areas  not  accessible 
to  any  other  fusion  or  resistance  welding  processes.  The 
ability  to  design  a  structure  without  concern  for  conventional 
rules  of  welder  accessibility  lifts  some  design  constraints  - 
but  creates  some  significant  shielding  problems  if  hoods, 
nozzles  or  manifolds  must  be  used. 
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VARIABLE 

SETTING 

Material 

Aluminum 

Carbon  Steel 

Stainless  Steel 

Titanium 

Power  Beam  (KW) 

19 

19 

17 

19 

Power  Work  (KW) 

13.3 

13.3 

11.9 

13.3 

Thickness 

1/4" 

1/4" 

1/4" 

1/4" 

Speed 

175  1pm 

100  ipm 

100  ipm 

120  ipm 

Telescope-Work 

Distance 

28-1/16" 

28-1/16" 

28-1/16" 

28-1/16" 

F/Number 

7 

7 

7 

7 

Surface  Condition 

hand scraped 

sandblasted 

as  machined 

filed 

Shielding 

Upper  Surface 

220  CFH  He 
/manifold 

220  CFH  He 
/manifold 

220  CFH 
He/manifold 

220  CFH  He 
/manifold 

Lower  Surface 

none 

none 

none 

20  CFH  He 

Tooling 

#102  with 

strap 

clamps 

#102  with 

strap 

clamps 

#102  with 

strap 

clamps 

#102  with 
strap 

clamps  with 
underbead 
shield  tube 

Table  IV-10.  EXPERIMENTAL  WELDING  PROCEDURE  - 
MANIFOLD  SHIELDING 
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An  initial  assumption  was  made  that  -  if  the  enclosure 
was  above  the  beam  (overhead) ,  helivim  could  be  used  to  dis¬ 
place  air  and  provide  adequate  shielding.  On  the  other  hand, 
if  the  weld  had  to  be  made  downhand,  helium  could  not  be 
expected  to  flood  the  joint;  and  an  experiment  would  have 
to  be  carried  out  using  an  argon  blanket.  Unlike  helium, 
argon  has  a  severe  attenuating  effect  on  the  beam. 

These  experiments  attempted  a  general  solution  to 
the  attenuation  problem  by  limiting  the  thickness  of  the 
argon  blanket  above  the  joint. 

The  adjustable  level  flood-box  shown  in  Figure  IV- 24 
was  built  and  slowly  filled  from  the  bottom  until  the 
argon  gas  reached  the  height  of  the  adjustable  plastic  weir 
gates  on  either  end.  Two  levels  were  explored  -  3/16  inch 
above  the  Titanium  test  plate  and  1  inch  above  the  plate. 

Only  the  1  inch  deep  blanket  produced  test  (spot)  welds 
with  a  silver  color.  A  6  KW  (beam)  procedure  was  then  run 
(by  moving  the  gas  filled  box  under  the  beam)  using  the 
1  inch  blanket.  This  weld  was  compared  with  welds  made 
by  the  same  procedure  using  a  full  shield  (Pig.  IV-11) . 

The  hood  shielded  welds  exhibited  a  600%  increase  in  pene¬ 
tration  and  a  silver  bead.  The  color  of  the  argon  blanketed 
weld  suggested  that  the  gas  blanket  was  disturbed  when  the 
specimen  moved  under  the  beam.  The  penetration  indicated  that 
thicker  argon  blankets  would  all  but  eliminate  welding  process 
penetration  and  tests  were  terminated.  There  was  no  way,  on 
available  equipment,  to  produce  a  weld  bead  without  moving 
the  work. 

The  silver  spot  welds  suggest  that  it  is  possible  to 
do  some  downhand  welding  using  flood  shielding  if  the  1 
inch  gas  blanket  is  not  disturbed.  Seventy-five  per  cent 
reduction  in  penetration  would  be  expected. 

E.  BEAM  -  WORKPIECE  INTERACTION 

In  this  portion  of  the  program  a  practical  method  for 
establishing  an  optional  CO2  (CW)  laser  welding  procedure 
was  evaluated  using  each  of  the  program  materials,  and 
working  over  a  range  of  thicknesses  from  1/4  inch  to 
1/2  inch. 

It  is  necessary  to  introduce  the  topic  of  weld  proce¬ 
dure  establishment  by  considering  the  five  procedure  variables 
that  must  be  adjusted  to  produce  an  optimum  laser  weld.  The 
three  equipment-related  variables  associated  with  high  energy 


toams  (such  as  laser  and  electron  beams)  are  known  from 
electron  beam  technology  to  include: 

Process  Speed 

Focal  Point  Placement  (with  respect  to  the  work- 

piece  surface) 

Beam  Power  at  the  Focal  Point 

The  laser  has  two  further  variables  which  are  encount¬ 
ered  in  electron  beam  processes,  but  potentially  have  a 
somewhat  different  practical  implication  in  laser  welding. 
These  are: 

F/No.  of  the  Beam 

Angle  of  Impingement 

The  p/No.  fixes  the  focal  spot  size  and  depth  of  focus 
for  any  specific  wave  length  of  laser  energy  (10.6  microns  for 
the  CO2  laser  in  these  studies)  .  The  effect  is  as  follows: 

Large  F/No.'s  (e.g.  F/21)  have  large  diameter  spots 

with  lower  power  densities  and  large  focal  depths. 

Small  F/No.'s  (e.g.  F/7)  have  sharp,  intense  focal 

spots  with  little  depth  of  focus. 

NOTE:  Spot  size  changes  in  direct  proportion  to  the  change  in 

F/No.  (doubling  the  F/No.  doubles  spot  size) .  Depth  of  focus 
changes  as  the  square  of  the  F/No.  (doubling  the  F/No.  in¬ 
creases  the  depth  of  focus  approximately  four  times)  . 

The  impingement  angle  effect  was  also  felt  to  be  poten¬ 
tially  important.  It  suggested  a  means  for  directing  the 
beam  to  miss  the  vapor  plume  above  the  work  surface  thereby 
avoiding  whatever  effect  the  vapor  might  have  on  the  beam. 

In  a  production  welding  procedure,  other  variables 
would  have  to  be  controlled.  These  might  include  wire  feed 
rates  (if  appreciated)  and  surface  preparation,  shielding 
gas  flow  and  rates.  The  latter  two  variables  were  pre¬ 
viously  considered  in  this  report.  This  portion  of  the 
study  deals  with  primary  variables  which  might  be  defined  as 
the  minimum  equipment  adjustments  necessary  to  control  beam 
workpiece  interaction. 
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1.  Speed  and  Focus 


These  two  variables  can  be  logically  interrelated 
in  the  process  and  thus  serve  as  a  good  starting  point 
for  arriving  at  an  optimum  procedure  for  obtaining,  in 
this  case,  a  full  penetrating  weld.  Assuming  a  given 
power  level  such  as  10  KW  on  the  work  surface,  it  is 
reasonable  to  conclude  that  as  speed  is  increased 
and  focal  point  placement  varied  in,  and  out  of  the 
plate  some  speed  will  be  reached  at  which  only  one 
critical  focal  point  setting  will  result  in  full  joint 
penetration.  This  setting  is  the  most  efficient  focal 
point  placement  and  thus  can  serve  as  a  unique  data 
point. 

The  observations  from  such  an  experiment  are  shown 
in  Figure  IV-25.  The  maximum  speed  and  most  efficient 
focal  point  setting  occur  where  the  boundries  of  the  cen¬ 
tral,  full  joint  penetration  area  intersect.  This  is  a 
unique  set  of  conditions  for  the  procedure  under  study. 

As  such  it  might  be  called  the  process  "benchmark"  and 
it  can  be  used  as  a  reference  in  establishing  character¬ 
istics  of  the  full  penetration  process.  It  is  used  in 
this  program  as  a  point  of  comparison  with  other  processes 
where  one  or  more  variables  have  been  modified. 

As  speed  is  decreased  below  the  benchmark  condition 
some  conduction  melting  starts  to  take  place  in  the  process, 
and  a  number  of  focal  point  placements  result  in  a  full 
penetration  process.  The  weld  cross  sections  in  Figure 
IV-25  suggests  favoring  those  placements  that  keep  the 
work  surface  slightly  closer  to  the  telescope  than  it  was 
at  the  most  efficient  focus.  That  is,  those  settings 
that  drive  the  focal  point  deeper  into  the  work  than  the 
benchmark.  A  review  of  the  cross  sections  in  Figure 
IV-25  suggest  that  focal  point  placement  has  the  following 
implications: 

. . .  pulling  the  focal  point  out  produces  a  pinched 
cross  section. 


(1)  Speed  could  be  held  constant  and  power  reduced,  but  speed 
is  a  totally  independent  variable  with  respect  to  optics 
while  power  may  influence  beam  quality  and  thus  is  not 
truly  independent  as  suggested  in  the  section  on  Focus 
and  Power. 


IV-49 


1/4*  STAINLESS  STEEL  WELD  CROSS  SECTIONS  RELATED  TO  BENCH 
MARK  SURVEY 

LASER  BEAM  POWER -10.2  KW 
TELESCOPE  F/NO. -F/7 


281/16"  28“  27IS/I6"  27  7/8" 


TELESCOPE  -  WORK  SURFACE  DISTANCE 


. . .  pinching  the  upper  portion  of  the  weld  can  cause 
solidification  cracking 

. . .  pushing  the  focal  point  into  the  work  produces  a 
wedge  shaped  cross  section 

. . .  wedge  shaped  cross  sections  tend  to  freeze  from 
the  bottom  without  cracking 

These  isolated  low  alloy  steel  cracks  from  a  marginal 
focal  point  setting  point  up  the  practical  desirability  of 
detexnnining  process  boundaries  (Fig.  IV-25) ,  and  working 
well  within  them  to  offset  the  effect  of  external  process 
influences.  Changes  in  power,  the  introduction  of  air  or 
argon  to  the  weld  area  and  other  factors  that  influence 
penetration,  can  shift  these  boundaries.  Processes  should 
not  operate  near  their  limits. 

The  increasing  amount  of  conduction  heating  that  occurs 
as  speed  is  reduced  15  ipm  from  the  critical  benchmark  region 
can  be  observed  in  terms  of  the  increased  heat  affected  zone 
(Figure  IV-25) .  Nevertheless,  a  deep  narrow  low  distortion 
weld  is  still  produced.  Additionally,  this  speed  reduction  has 
the  advantage  of  providing  some  tolerance  for  focus  -  about 
3/16  inch  at  95  ipm  in  Figure  IV-25. 

A  final  advantage  that  can  be  gained  from  working  below 
the  benchmark.  The  tolerance  for  porosity  is  increased  at 
these  lower  process  speeds  as  is  the  case  in  arc  welding. 

When  speeds  drop  too  far,  conduction  heating  dominates 
and  the  process  takes  on  the  characteristics  of  an  arc  weld. 
This  may  or  may  not  be  detrimental  since  this  laser  may  have 
been  applied  for  reasons  other  than  its  ability  to  make  a 
fast,  deep  narrow  weld. 

Figure  IV-26  illustrates  a  typical  optimum  process 
region.  Further  refinement  may  be  required  within  this 
region  to  realize  special  crown  and  root  configurations. 

Such  refinements  detract  from  process  tolerance  but  are 
often  necessary  to  meet  weld  quality  standards. 

2.  Focus  -  Power 


These  procedure  variables  appear  to  bear  a  relationship 
to  one  another  according  to  Figure  IV-27.  As  power  was 
increased  from  10  KW  beam  to  18  KW  (beam) ,  the  observed 
benchmark  focus  position  changed.  Increased  power  resulted 
in  an  increase  in  the  telescope-work  distance  that  is 
measured  in  terms  of  benchmark.  If  it  is  assumed  that 
the  actual  optical  focal  point  did  not  change  with  res- 
spect  to  the  telescope  as  power  increased.  Figure  lV-27 
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implies  that  the  best  placement  of  the  focal  point  within 
the  work  is  shallow  at  higher  powers.  Therefore,  the  possi¬ 
bility  that  focal  point  settings  must  be  reviewed  if  power 
levels  are  changed  in  the  process  should  be  kept  in  mind. 


3 .  Speed  Penetration 

The  speed  joint  thickness  relationship  was  observed 
to  be  relatively  constant  between  3/8  and  1/4  inch  thicknesses 
(Figure  IV-28) .  Greater  thickness  required  that  both  power 
on  the  work  and  the  optical  system  delivering  it  be  changed, 
which  interrupted  data  curves  at  the  3/8  inch  thickness  level. 

A  knowledge  of  the  effect  of  thickness  on  variables, 
such  as  speed,  has  practical  advantages  in  establishing  a 
process.  For  example,  thickness  varies  with  the  machining 
practice  used  to  prepare  the  joint.  Under  such  circum¬ 
stances,  Figure  IV-28  can  be  used  to  determine  the  effect 
of  a  +  0.015  inch  variance  in  thickness  in  terms  of  the 
effect  on  the  benchmark  speed  of  the  process.  Within 
the  range  of  thicknesses  shown  in  Figure  IV-28,  a  down¬ 
ward  speed  adjustment  of  15  ipm  would  be  needed  to  accom¬ 
modate  such  a  variance.  A  cost  analysis  of  many  poten¬ 
tial  laser  applications  might  reveal  that  a  sacrifice  of 
15  ipm  in  process  speed  would  more  than  pay  for  itself  in 
the  reduced  machining  costs  associated  with  a  +  0.015  inch 
machine  tolerance. 


A  more  obvious  application  of  Figure  IV-28  is  in 
estimating  the  effect  on  the  process  of  a  change  in  nom¬ 
inal  joint  thickness  for  a  given  material.  From  Figure  IV-28 
it  appears  that  increasing  the  workpiece  thickness  of  a  tit¬ 
anium  weldment  from  1/4  inch  to  3/8  inch  would  shift  the 
benchmark  speed  for  this  process  downward  from  138  to  54 
inches . 

In  the  following  section  of  the  report,  it  will  be 
shown  that  the  above  situations  can  also  be  dealt  with  in 
terms  of  process  power  adjustments. 


- ALUMINUM 

- TITANIUM 

- - NICKEL  BASE  ALLOY 

- STAINLESS  STEEL 

- CARBON  STEEL 


CHARACTERISTICS 
F/7  TELESCOPE 


BENCH  MARK  SPEED 


Figure  IV-2Et.  SPEED-THICKNESS  RELATIONSHIP 
FOR  PROGRAM  MATERIALS 


4.  Power  -  Speed 


The  power-speed  relationships  for  all  program  materials 
are  shown  in  Figure  lV-29  (3/8  inch)  and  Figure  lV-30  (1/2 
inch)  .  The  speed  referred  to  is,  as  in  the  preceding  section 
on  Speed-Penetration,  the  maximum  speed  at  which  full  pene¬ 
tration  was  observed  at  the  most  effective  focal  point  setting 
(e.g.  the  benchmark  speed)  . 

From  Fig.  IV-29  it  appears  that  the  coefficient  of  change 
in  speed  with  change  in  power  varies  from  material  to  material 
in  3/8  inch  thick  welds: 


. ..  Carbon  Steel  5.4  ipm/KW 
. ..  Stainless  Steel  7.6  ipm/KW 
...  Nickel  Base  Alloy  7.1  ipm/KW 
...  Aluminum  7.6  ipm/KW 
. ..  Titanium  9.2  ipm/KW 


Therefore  an  estimate  can  be  made  (from  1/4  inch  to  3/8 
inch)  of  offsetting  adjustments  that  might  be  required  for  the 
workpiece  changes  such  as  those  discussed  in  the  previous 
section: 

Adjust  Adjust 

To  Accommodate:  Speed:  or  Power 


+0.015  inch  thickness  variance  151  ipm 

1/8  inch  change  in  nominal 

thickness,  Ni  Base  Alloy  84  ipm 


2.7  KW  (on  work) 
11.1  KW  (on  work) 


The  latter  value  suggests  that  some  other  factor  is  going 
to  have  to  be  changed  if  sections  thicker  than  3/8  inch  are  to 
be  welded  with  lasers  of  any  reasonable  power. 


a.  Thickness  -  F/Nuiriber 


The  factor  that  put  the  laser  welding  process  into  con¬ 
tention  for  plate  more  than  3/8  inches  thick  was  the  availability 
of  higher  F  number  optics.  Figure  lV-30  suggest  that: 

Straighter  sided  beams  with  large  focal  depths  (F/21) 
worked  better  on  thicker  plates  than  did  more  tapered 
beams  with  small  focal  depths  (F/7)  in  spite  of  their 
lower  specific  energy. 

The  above  statement  regarding  spot  size  undoubtedly  must 
be  limited  to  specific  energies  above  6  x  10®  w/in^,  which  is 
an  often  cited  threshold  value  for  E.B.  and  laser  cavity  forma¬ 
tion. 
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MAXIMUM  SPEED  FOR  B/S*  WELD  ( IPM) 


b.  F/Number  and  Focus  Tolerance. 

F/Number  and  focus  tolerance  would  seem  to  be  related 
•because  the  focal  depth  varies,  approximately,  as  the  square 
of  the  F/Nvunber  spot  placement  within  the  work  should  not  be 
so  critical  for  optics  with  high  F/Numbers  as  it  is  with  the 
more  sharply  focused,  low  F/Number  optics. 

A  comparison  (Figure  IV-31)  of  the  full  penetration 
boundaries  of  processes  operated  at  the  same  power  on  3/8 
inch  titanium  shows  that  at  90%  of  the  benchmark  speed: 

F-7  3/16  inch  tolerance 
F-21  1/2  inch  tolerance 

Recalling  that  within  this  range  some  focal  point 
placements  produce  better  cross-section  geometries  than 
others,  it  is  probably  more  useful  to  state  that; 

Focal  Point  placement  for  an  F/21  telescope  can 
be  varied  about  twice  as  far,  at  90%  of  benchmark, 
than  can  an  F/7  telescope  and  it  will  still  maintain 
a  given  weld  geometry. 

5.  Beam  Impingement  Angle 

When  the  laser  beam  strikes  the  work,  a  vertical  plume 
of  vapor  is  observed.  In  this  experiment,  the  beam  was  tilted 
5°  to  determine  if  moving  its  axis  so  that  it  was  not  coincident 
with  the  plume  of  vapor  might  reduce  energy  loss  to  the  vapor 
and  increase  process  speed  for  a  given  power. 

Initial  tests  were  run  on  1/2  inch  thick  stainless  steel 
to  determine  if  any  improvement  could  be  made  in  the  conduc¬ 
tion  dominated  welds  observed  in  earlier,  marginally  powered 
benchmark  tests.  No  effect  was  observed  in  weld  appearance. 
Penetration  .as  achieved  only  at  the  original,  low  speed  and 
at  the  same  focus.  Tests  were  made  with  the  beam  tilted  and 
pointed  into  unfused  metal  and  also  backward  into  the  molten 
pool.  The  anticipated  increase  in  process  speed,  with  an 
attendant  improvement  in  weld  width  and  uniformity,  was  not 
observed. 

The  tilted  beam  was  also  applied  to  aluminum.  Tilted 
electron  beams  can  reduce  the  size  of  the  underbead.  Large 
and  irregular  underbeads  are  characteristic  of  laser  welds  in 
heavy  aluminum  plate.  However,  no  effect  on  the  underbead 
was  observed  when  the  tilted  beam  was  applied.  Nor  was  any 
improvement  in  penetration  observed  when  previously  determined 
speed-focus  data  points  were  reexamined  with  the  S^eam  tilt. 
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PROCESS  SPEED  (I PM) 
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□  F/7  DATA 
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POWER -12.9  KW  ON  WORK 
MATERIAL- 3/8"  TITANIUM 


00 


F/7 
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F/21  33  7/8"  33  3/4"  33  5/8"  33  1/2"  33  3/8"  33  1/4"  33  1/8"  33" 

DISTANCE  FROM  TELESCOPE  TO  WORK  SURFACE 


Figure  IV-31.  COMPARISON  OF  PROCESS  SURVEY  PATTERNS 
FOR  F21  AND  F7  OPTICAL  SYSTEMS 
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The  tests  run  on  stainless  steel,  duplicated  an  earlier 
trial.  Both  procedures  used  13  KW  on  work,  25  ipm  and  28-1/16 
inch  focal  distance  with  jet-trailer  hood  (100  CFH  helivun  in 
jet,  25  CFH  argon  in  trailer) .  Tests  in  aluminum  also  dupli¬ 
cated  earlier  test  points  in  that  they  were  run  at  reduced 
power  of  8.5  KW  on  work  (to  avoid  hood  damage),  50  ipm  and 
focal  distances  of  28-3/16"  and  28-1/8  inch,  40  CFH  helium, 

10  CFH  argon  used  in  the  hood.  Eighty  CFH  helium  with  no 
argon  was  also  tested. 

In  these  tests  the  beam  was  set  at  the  maximum  possible 
angle  to  increase  the  likelihood  of  an  effect.  An  angle  of 
5°  is  the  maximum  angle  permitted  by  the  experimental  facility. 
Structures  added  to  the  system  limit  rotation  to  approximately 
5°.  Additionally,  a  tilt  of  5°  requires  that  the  specimen  be 
placed  at  the  extreme  end  of  the  work  table.  The  jet-trailer 
shielding  device  was  used  on  all  materials  except  aluminum. 

In  the  case  of  alviminum,  the  diffuser  hood  was  also  tilted  5° 
to  permit  the  F/7  beam  to  pass  through  its  chimney.  .  A  wedge 
shaped  skirt  was  added  to  prevent  air  from  entering  under 
the  raised  end  as  the  weld  progressed.  After  tilting  the  tele¬ 
scope,  adjustments  were  made  in  the  downhand  mirror  that  feeds 
the  telescope  to  make  sure  that  all  of  the  energy  was  directed 
into  it.  The  beam  settings  were  measured  +  .002  inches  along 
the  tilted  axis  to  the  point  of  beam  impingement  in  the  work. 
The  chill  bars  were  the  same  as  those  used  in  the  reference 
experiments . 

F.  DETERMINATION  OF  MAXIMUM  PLATE  THICKNESS  FOR  FULL  PENETRA¬ 
TION  WELDING  AT  15  KW  (BEAM  POWER) 

If  a  process  speed  is  selected  that  is  slow  enough  for 
heavy  welding,  but  which  still  permits  the  weld  to  operate 
through  efficient  cavity  formation,  then  the  following  joint 
thicknesses  represent  the  current  maximum  penetrating  capa¬ 
bility  of  the  HPL  industrial  laser  at  15KW  (13.9  KW  on  the 
work)  when  an  F/21  optical  system  is  used: 

Carbon  Steel  0.6  +  .005  inches 

Titanium  0.6  +  .005  inches 

Nickel  Base  Alloy  0.57  +  .005  inches 

Stainless  Steel  (AISI  321)  0.544+  .005  inches 
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Alvuninum  was  tested  at  slightly  lower  power  (13  KW  on 
the  work)  to  conserve  the  diffuser  hood.  The  maxinuim  thick¬ 
ness  penetrated  was: 

Aluminum  0.5+  .005  inches 

The  minimum  process  speed  referred  to  above  is  estimated 
to  have  been  40  ipm.  In  this  series  of  tests  the  speed  was 
first  reported  as  50  ipm.  However,  this  should  have  been  the 
benchmark  for  the  thicknesses  tested.  The  welding  speed  would 
be  expected  to  fall  10  -  20  per  cent  below  50  ipm.  Further, 
similar  welds  in  subsequent  tasks  could  be  made  only  in  the 
30  -  40  ipm  range  —  not  at  50  ipm.  Finally,  evidence  from 
all  previous  welds  suggests  that  the  lowest  speed  for  good 
cavity  formation  in  the  plate  thickness  was  30  ipm.  The 
data  in  Tables  IV-11  and  IV-12  have  been  corrected  to  reflect 
40  ipm  as  the  minimum  process  speed,  below  which  it  is  not 
desirable  to  operate. 

G.  REPAIR 

Successful  repair  welds  were  made  using  a  simple  refusion 
technique  (Fig  IV-32)  . 

Repair  procedures  were  investigated  in  conjunction  with 
the  development  of  the  initial  welding  procedures  in  3/8  inch 
carbon  steel,  nickel  base  alloy,  and  titanium.  Marginal  trial 
welds  were  selected. 

The  first  approach  to  repair  was  to  run  back  over  the  weld 
without  any  intermediate  cleaning  operation.  However,  when  these 
repaired  welds  were  radiographed,  severe  porosity  was  observed  in 
welds  which  has  been  relatively  pore  free. 

These  initial  reweld  procedures  (Table  IV-13)  represented 
a  slightly  higher  heat  input  to  minimize  the  chance  of  porosity 
entrapment . 

The  rewelded  surfaces  were  metallic  colored  and  shiny. 

This  suggested  that  the  fault  with  the  initial  reweld  repair 
lay  in  the  presence  of  a  contaminant  on  the  surface  -  not  in 
inert  gas  coverage. 

Accordingly,  the  surfaces  of  the  porous  welds  from  the  inital 
reweld  process  were  carefully  ground  to  remove  the  powdery  smut 
and  any  small  amounts  of  oxide  which  characterize  an  as-welded 
surface  under  laser  shielding  conditions.  The  smut  is  probably 
deposited  metal  vapor  from  the  cavity.  It  is  protected  from 
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Demonstration 


Demon  Stratton  )  (3 ) 


Demonstration^^) 
Irregular  Drop 

Through^ 


Irregular  Drop 

Through'" 

Unstable  Plasma 
Severe  Undercut 


(1)  Selected  so  that  penetration  would  be  achieved  at  process  speeds  not  less  than  30  ipm. 

(2)  Two  11"  demonstration  welds  run  at  this  speed  to  verify  laser  stability  at  this  power. 

(3)  Irregular  drop  through  corrected  by  increasing  flow  of  helium  underbead  gas  until  flow  could  be  detected. 


Table  IV-1 1 .  OBSERVED  PENETRATING  CAPABILITIES 
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All  Program 

Materials  Except 
Aluminum 

Aluminum 

Laser  Power  (KW) 

15 

14.4 

Power  on  Work  (KW) 

13.5 

13 

Speed  (ipm) 

Variable  (40  Nominal) 

Variable  (40  Nominal) 

Telescope-Work 
Distance  (inches) 

33-1/2  (except  where 
noted) 

33-5/8 

F/Number 

21 

21 

Surface  Condition 

Acetone  Brushed 
Detergent  Cleaned, 
Alcohol  Dried 

Acetone  Wiped, 

Hand  Scraped 

Shielding 

Upper  Surface  Shield 

Jet-Trailer 

Diffuser 

Gas 

Jet:  100  CFH  Helium 
Trailer  22-1/2  CFH 
Argon 

Mixture:  100  CFH  Helium 
and  30  CFH  Argon 

Lower  Surface  Shield 

Gas 

Helium  at  Detectable 
Flow  Along  Underside 
of  Weld 

Helium  at  Detectable 

Flow  Away  Underside 
of  Weld 

Tooling 

Chill  Bars 

Copper  with  1/8  inch 
Ribs 

Copper  with  1/8  inch 

Ribs 

Spacing 

1/4  inch 

1/4  inch 

Table  IV-12 .  EXPERIMENTAL  WELDING  PROCEDURE  FOR 

MAXIMUM  PENETRATION  CAPABILITY  DETERMINATION 
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INCIDENCE  OF  POROSITY  {  INDICATIONS 


ORIGINAL  WELD  -  ZERO  POROSITY, 
MARGINAL  PENETRATION 


INITIAL  REPAIR  -  NO  CLEANING 

SECOND  REPAIR  —  GROUND  BEFORE 
REWELD,  FULL  PENETRATION 


CARBON  STEEL  TITANIUM  ALLOY  NICKEL  BASE  AlUOV 


MATERIAL 


Figure  IV-32.  EFFECT  OF  REPAIR  PROCEDURES  ON  POROSITY 


Figure  IV-33.  JOINT  CONFIGURATION  FOR  WELDS  IN  HEAVY  MATERIAL 


r 


) 


TITANIUM 

NICKCL  BASE 

CARBON  STEEL 

PROCEDURE  VARIABLE 

ORIGINAL 

1st  REPAIR 

(2) 

2nd  REPAIR 

ORIGINAL 

let  REPAIR 

2nd  REPAIR 

ORIGINAL 

1st  REPAIR 

2nd  REPAIR 

Weld  Identification 

*2S4r 

#288B 

42B 

4252A 

#288C 

36B 

#256C 

*288A 

36 

Power  (KW) 

16 

16 

16 

16 

16 

IS 

15.7 

15 

16 

Beam  on  Work 

11.2 

11.2 

11.2 

11.2 

11.2 

10.5 

11.0 

10. S 

11.2 

Speed  (1pm) 

70,0 

63.0 

63 

75.0 

67.5 

67.5 

65.0 

58.0 

58.0 

Optics  (F/No.) 

r/7 

F/7 

F/7 

F/7 

F/7 

r/7 

F/7 

F/7 

F/7 

Focus  (Inches)^ 

28-1/16 

27-31/32 

28-1/16 

28-1/16 

27-31/32 

28-1/16 

28-1/16 

27-31/32 

28-1/16 

Preparation 

Wire  brush 

None 

Wire  brush 

Wire  brush 

None. 

Wire  brush 

Wire  brush 

None. 

Wire  brush 

Rinse  with 

Weld  Back 

Rinse  with 

Rinse  with 

Weld  Back 

Rinse  with 

Rinse  with 

Weld  Back 

Rinse  with 

Acetone 

Over  the 

Acetone 

Acetone 

Over  the 

Acetone 

Acetone 

Over  the 

Acetone 

Original 

Original 

Original 

TOOUNG 

Base 

#F-24 

#r-24 

#F-24 

»F-24 

#F-24 

#F-24 

4r-24 

#r-24 

#F-24 

Gas  Shield 

(let  Trail) 

#SR-7 

#SR-7 

Hood 

#SR-7 

#SR-7 

Hood 

»SR-7 

#SR-7 

Hood 

SHIELDING  GAS 

let  (CFH/Type) 

100/He 

100/He 

50/He+12/A 

100/He 

100/He 

100/He 

100/He 

100/He 

Trailer  (crH/Type) 

25/A 

25/A 

None 

25/A 

25/A 

25/A 

25/A 

only 

Underbead  (CFH/Type) 

20/He 

20/He 

20/He 

20/He 

20/He 

20/He 

20/He 

20/He 

NOTES; 

(1)  r/7  Telescope  was  changed  to  F/IO  and  then  reassembled  as  r/7  with  a  resulting  3/32  shift  In  optimum  focus. 

(2)  Carried  out  over  a  portion  of  254F  that  had  not  been  rewelded  by  288B  in  order  to  show  that  this  Improved 

1  procedure  would  have  worked  on  original  welds. 

Table  IV- 13,  PROGRESSIVE  REPAIR  PROCEDURES 
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oxidation  by  the  hoods  and  trailer  shields  used  in  this 
program,  and  is  usually  evidence  of  good  shielding.  Smut 
does  not  appear  in  poor  or  marginal  shielding  situations. 

The  welds  with  ground  surfaces  were  then  subjected 
to  a  second  repair  trial  (Table  lV-13)  and  were  found  to 
be  virtually  free  of  porosity  in  spite  of  the  heavy  poro¬ 
sity  present  before  this  second  reweld  was  applied. 

Fig.  II-4  illustrates  the  relative  severity  of 
porosity  observed  in  the  original  weld  and  two  successive 
rewelding  steps. 

It  should  be  noted  that  the  initial  titanium  weld 
was,  in  itself,  a  refused  “repair"  weld  since  the  original 
pass  was  aborted  and  the  procedure  rerun.  Presumably,  the 
aborted  pass  also  had  smut  and  oxide  on  its  surface.  But 
porosity  was  not  severe  when  the  rerun  was  examined  (con¬ 
dition  "A",  Figure  lV-32)  .  The  difference  may  be  the  time 
between  initial  welding  and  initial  refusion  repair.  When 
this  time  is  as  long  as  it  was  in  the  repair  trials,  the 
powdery  smut  can  undoubtedly  absorb  moisture  and  contamin¬ 
ants  from  the  air.  Under  ideal  circumstances,  an  immediate 
reweld  can  be  attempted  with  smut  in  place  as  was  the  case 
after  the  aborted  pass  on  the  initial  titanium  weld. 

However,  careful  wire  brushing  and  wiping  to  remove 
smut  prior  to  any  repair  is  a  more  practical  recommendation 
for  repair  than  setting  a  time  limit  between  weld  and  repair, 
How  long  the  smut  could  remain  and  still  not  influence  a 
refusion  repair  weld  depends  too  much  on  the  amount  of  mois¬ 
ture  in  the  atmosphere.  Cleaning  before  a  refusion  repair 
appears  to  be  the  more  reliable  procedure  if  re  fusion  is  to 
be  successfully  used  for  repair. 

The  data  in  Table  IV-14  suggest  that  repair  had  no 
effect  on  the  strength  of  welds  in  program  materials.  The 
shrink  cracking  observed  in  the  repaired  steel  welds  was 
also  observed  in  original  welded  joints.  It  is  related 
to  a  short  section  of  weld  with  a  pinched  cross  section. 
Pinched  cross  sections  are  believed  to  be  equipment  related. 


H.  WIRE  FEED 

During  procedure  development  tests  (Phase  II,  Task  I)  , 
wire  feed  techniques  were  considered.  Testing  was  conducted 
on  heavy  section  (3/4  inch)  titanixjm  carbon  steel  and  nickel 
base  alloy. 
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MATERIAL 

TEST  CONDITION 

As  Welded  Repaired 

Titanium 

Ult  (KSl) 

Yld  (KSl) 

Elong  (%  in  1") 

138.2^2)  _ 

134. 6<2)  - 

19.0 

139.7  139.5^2) 

135.8  134.4(2) 

16.0  17.0 

Ni  Base  Alloy 

Ult  (KSl) 

Yld  (KSl) 

Elong  {%  in  1") 

190.6,  199.3 
173.4,  169.0 
5.0,  11.0 

187.1  199.3 

169.1  167.3 

7.0  11.0 

Low  Alloy  Steel 

Ult  (KSl) 

Yld  (KSl) 

Elong  (%  in  1") 

256.4,  256.4 

223.5,  225.4 

9.0,  10.0 

252.9  252.9 

225.4  224.3 

10.0  10.0 

(1)  Stress  relief  only 

(2)  Base  metal  failure 

(3)  Aged  after  welding 

(4)  Quenched  and  tempered  after  welding  1600°  F  0.1  quench  and  temper 

(5)  Post  test  examination  revealed  shrink  cracking  associated  with  variable 
cross  section  freezing 

Table  IV- 14. 


EFFECT  OF  REPAIR  ON  WELD  STRENGTH 
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a.  Single  Pass  Welding  (0.75  inch  Material) 

In  the  first  series  of  tests,  an  appropriate  joint 
configuration  was  established  (Figure  (IV-33) .  The  root 
thickness  was  established  at  3/8  inch.  This  is  the  maximum 
thickness  on  which  the  available  F/7  optics  could  be  used 
effectively.  A  thicker  root  might  be  considered  if  an  F/21 
had  been  used.  Acceptable  welds  thru  0.6  inch  have  been 
made  with  its  straighter  sided  beam. 

A  simple  "V"  configuration  was  selected  for  ease  of 
machining.  Originally,  the  included  angle  was  10°.  This 
divergence  of  the  joint  faces  should  have  been  greater  than 
the  convergence  of  the  beam  as  it  entered.  However,  some 
wall  interaction  was  observed  at  all  experimental  focal  point 
placements  and  the  joint  was  opened,  successfully,  to  20°. 

Focal  point  placement  ranged  from  1/16  inch  above  the 
top  of  the  root  to  1/16  inch  below  it.  The  deepest  penetra¬ 
tion  was  observed  with  the  focal  point  placed  at  the  top  of 
the  root.  A  movement  of  1/16  inch  in  either  direction  re¬ 
duced  penetration  about  50%. 

A  full  penetration  process  was  established  using  the 
joint  configuration  and  focal  point  placement  operating  at 
20  ipm  using  15  KW  (beam  power  -  10.5  KW  on  work) .  It  was 
felt  that  the  overwelding  condition  would  be  offset  by  the 
introduction  of  wire  feed  at  the  rate  of  10  inches  of  1/16 
inch  diameter  wire  for  each  inch  of  weld. 

The  wire  was  easily  melted  at  the  200  ipm  feed  rate. 
However,  this  auxiliary  molten  filler  metal  gets  in  the 
path  of  the  beam.  The  cavity  fills.  Efficiency  is  reduced 
as  evidenced  by  increased  plasma  above  the  work,  a  distinct 
widening  of  the  weld  and  a  loss  of  all  penetration  between 
the  root  faces  (Figure  lV-34) . 

Initial  wire  feed  was  into  the  forward  edge  of  the 
process.  It  was  then  felt  that  the  previously  mentioned 
molten  metal  effects  might  be  avoided  if  the  metal  was  fed 
into  the  pool  at  the  trailing-edge,  as  far  as  possible  from 
the  beam  interaction  point.  Tests  with  the  wire  melt-off 
point  located  1/4  inch  behind  the  beam,  produced  the  same 
effect  as  that  observed  with  the  beam  in  front  of  the  beam. 

Two  kilowatts  were  added  to  the  procedure.  This  should 
have  been  more  than  enough  to  melt  the  few  ounces  of  wire 
involved.  No  change  was  observed. 
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Because  added  power  failed  to  correct,  or  even  influence, 
the  loss  of  penetration,  it  was  concluded  that  the  presence  of 
molten  metal  is  the  cause  of  the  penetration  loss  -  --  not  the 
quenching  effect  of  melting  the  extra  metal.  The  result  in  any 
case  is  a  loss  of  the  characteristic  deep  penetrating  capability 
of  the  laser  welding  process. 

b.  Two  Pass  Welding  (0.75  inch  Material) 


In  the  second  set  of  tests  a  .separate  root  pass  procedure 
was  established  at  40  ipm  and  15  KW  (beam  power)  .  Figure  IV-35 
shows  a  cross  section  of  such  a  weld.  Filling  of  the  "V"  shaped 
portion  of  the  weld  was  easily  accon^lished. 

I .  DISTORTION; 

A  review  of  all  panels  showed  that  minor  amounts  of  trans¬ 
verse  and  longitudinal  distortion  could  be  expected.  One  panel 
of  each  of  the  Task  2  welding  procedures  was  selected  for  de¬ 
tailed  study.  Table  lv-15  lists  the  measured  angles  (trans¬ 
verse  and  longitudinal)  . 

In  general,  these  angles  are  very  low  (typically  0.2  - 
0.4  degrees  transverse,  and  either  0.3  or  else  less  than  0.1 
longitudinally)  .  A  number  of  unwelded  plates  were  observed 
to  have  distortion  levels  approaching  these.  For  example,  dis¬ 
tortion  equalling  0.12  degrees  (0.02  inch  bow  in  a  span  of  18 
inches)  was  often  observed  in  sheared  1/4  inch  stock,  while  1/2 
unwelded  plates  were  bowed  0.37  degrees;  yet  such  plates  would 
be  considered  within  useable  tolerances.  Thus,  the  distortion 
observed  in  welds  does  not  seem  high,  and  is  about  the  same  as 
that  observed  in  unwelded  plates. 

Trends  in  distortion  were  not  apparent.  Possibly,  the 
slight  preweld  cairiber  in  much  of  the  stock  offset  the  veiry 
small  weld-related  movement.  However,  the  1/4  inch  carbon  steel 
was  surface  ground  and  the  trend  (Table  IV-15)  toward  increas¬ 
ing  transverse  distortion  is  very  likely  a  true  indication  of 
metal  movement  when  laser  welding  this  particular  material.  No 
significant  restraint  was  used. 

It  should  be  noted  that  an  angular  change  of  0.25  degrees 
represents  only  about  0.005  inches  of  plate  movement  per  foot 
of  distance  away  from  (or  along)  the  weld. 
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TRANSVERSE  DISTORTION 
(angular  degrees) 


Numbers 


B  I  C  I  D  E  (degrees)  KW)  (ipm) 


PLATE  IDENTIFICATION 


Material  Ident. 


Titanium  D  1/4 

24"  X  18" 


1/4 

24"  X  12" 


N1  Base  E  1/4"  94D  0.48  0.39  0.38  0.19  0.10  0.07 

24"  X  12" 


Longitudinal  Power  Procedure 

STA  1  Distortion  (Work  Speed 


Titanium  H  1/2  244A&B  0.31  0.27 

24" X  24" 


0.31  0.32  0.04  13.1 


Steel  I  1/2  203A&B  0.17  0.72  0.S7  0.38  0.11  0.29  13. S 

24"  X  12" 


SECTION  V 


LASER  WELD  EVALUATION 


This  section  describes  the  behavior  of  laser  welds  in 
non-destructive  testing  and  in  destructive  mechanical  tests. 

The  non-destructive  tests  are  covered  in  a  separate 
sub-section  in  order  to  set  forth  the  NDT  procedures  applied. 
NDT  indications  are  tabulated  in  Appendix  B  to  provide  an 
overview  of  the  quality  of  the  laser  welds  obtained  in  this 
study. 

Mechanical  test  results  are  discussed  separately  for  each 
program  material  (Carbon  Steel,  Titanium  Base  Alloy,  etc.) . 
Related  information  such  as  the  chemical  and  metallurgical 
characteristics  of  the  base  material  is  included  along  with 
observations  relating  to  specific  welding  behavior  of  each 
material.  A  typical  series  of  mechanical  tests  subjected 
a  material  to  the  following: 

Tensile  Tests  (three  thicknesses) 

Axial  Tension  Fatigue  Tests  (two  thicknesses) 

Fracture  Toughness  (maximtim  thickness) 

Alternate  Immersion  Stress  Corrosion  Tests 
(smooth  specimen) 

Notched  Stress  Corrosion  Tests 
Tensile  Tests  of  Repaired  Welds 

A.  NON-DESTRUCTIVE  TESTING  OF  LASER  WELDS 

Non-destructive  testing  in  the  last  phase  of  the  program 
provided  the  first  check  on  internal  weld  quality.  Most  of  the 
information  in  Section  IV  had  to  be  based  on  external  appear¬ 
ance  and  macro  sections  only.  A  number  of  non-destructive 
test  methods  were  evaluated  on  set  up  welds  that  were  known 
to  contain  various  types  of  defects. 

The  best  procedure  for  each  method  was  then  applied  to 
welded  test  panels.  Non-destructive  testing  was  accomplished 
by  the  Process  Engineering  Department,  Douglas  Aircraft  Corp., 
Long  Beach  California. 

1 .  Method 


The  following  test  methods  were  applied: 
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Radiography 

Penetrant 

Magnetic  Particle  (penetrant) 

Ultrasonic 

The  approach  to  inspection  on  these  laser  welds  was  the 
same  as  that  applied  to  actual  parts  in  aircraft  production. 

It  is  in  contrast  to  the  materials  engineering  approach  of 
achieving  final  specimen  thickness  and  then  applying  maximum 
sensitivity  examinations  to  assure  that  response  to  the 
mechanical  test  is  entirely  a  function  of  material  properties. 

The  use  of  the  simulated  production  inspection  to  select 
test  specimens  from  sites  that  appear  to  be  defect-free  was 
coupled  with  a  careful  post-test  evaluation  of  fracture  surfaces. 
A  correlation  of  the  inspection  records  with  fracture  surfaces 
provides  a  more  practical  picture  of  the  reliability  of  laser 
welds  under  manufacturing  conditions  than  does  the  applica¬ 
tion  of  maximiim  sensitivity  inspection  procedures  to  provide 
an  unrealistic  degree  of  assurance  that  the  weld  metal  is 
defect- free  prior  to  test.  The  latter  is  useful  in  obtain¬ 
ing  material  properties,  but  the  objective  of  the  program  is 
to  assess  laser  welding  as. an  aerospace  manufacturing  process. 

a .  Radiographic  Procedure 

Radiography  was  performed  on  all  welded  panels  and  appeared 
to  provide  the  moat  comprehensive  survey  of  defects.  A  300  KVp 
Picker  X-ray  Machine  was  used  by  Douglas  Aircraft  Corporation 
for  their  investigation  of  1/2  inch  titanium  and  some  of  the 
1/4  inch  carbon  steel.  Structrix  D-4  film  supplied  by  the 
Gevaert  Company  was  used  in  this  radiographic  survey.  Radio¬ 
graphy  of  the  remainder  of  the  material  was  accomplished  by 
a  certified  NDE  laboratory  using  a  GEOX  250  machine  and  Kodak 
type  M  film  to  show  a  2-2T  penetramater  artifact. 

b.  Fluorescent  Penetrant 

This  technique  was  used  to  inspect  for  surface  defects 
in  all  materials  that  were  to  be  mechcmically  tested  titanium, 
nickel  and  carbon  steel)  .  The  penetrant  materials  were: 

Cleaner:  Dubl-check  DR61,Turco  (Trace  Sulfur) 

Penetrant:  ZL-60  Magnaflux  Corp.  (0.5%  Sulfur) 

Developer:  D-lOO  Sherwin  Company 
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c.  Fluorescent  Magnetic  Particle  Inspection 

Surface  and  subsurface  defects  can  be  detected  by 
this  method  as  long  as  the  material  is  magnetic.  This 
test  was,  therefore,  applied  only  to  welds  in  steel.  The 
materials  used  were  as  follows: 

Magnetic  Oxide:  Magnaglow,  Type  14AM 

Magnaflux  Corporation 

Field  Source:  Parker  probe,  portable 

electromagnet 

d.  Ultrasonic  Inspection 

The  contact  pulse-echo,  shear  wave  method  specified 
in  ASTM  E-164,  was  applied.  No  artificial  reference  reflec¬ 
tor  standards  were  prepared  because  of  the  variations  in 
specimen  thickness  and  the  diversity  of  materials.  Instead, 
an  aerospace  calibration  procedure  was  applied  as  follows: 

Step  1:  Search  unit  position  adjusted  so 
that  beam  reflects  from  edge  of  plate. 

Step  2:  Search  unit  position  adjusted  to 
obtain  first  top  corner  reflection  (Fig.  V-1  Top)  . 

Step  3:  Instrument  gain  adjusted  until  the 
signal  from  the  first  to  corner  reflection  is 
just  saturated  (Fig.  V-1  bottom) .  The  second 
bottom  corner  reflection  is  about  80%  saturated. 

With  this  calibration  procedure,  it  was  found  necessary  to 
select  a  search  unit  geometry  that  placed  the  first  bottom  re¬ 
flection  at  the  root  of  the  weld  before  the  front  edge  of  the 
search  unit  could  touch  the  top  bead.  Specifically,  a  1/4 
square  inch,  2.5  mHz,  45°  crystal  was  used.  In  initial  tests 
with  this  search  unit,  reflections  from  the  side  of  the  char¬ 
acteristically  heavy  underbead  reinforcement  were  observed 
to  obscure  root  area  defects.  The  underbead  had  to  be 
removed.  When  the  underside  of  the  weld  had  been  ground 
flush,  the  fine  linear  pores  observed  in  the  X-rays  were 
detected  on  the  CRT  of  the  ultrasonic  equipment.  Search 
angles  of  45°  and  60°,  as  well  as  frequencies  of  2.5  and 
5  mHz,  worked  equally  well  as  long  as  the  search  unit  was 
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sized  to  avoid  the  top  bead  and  still  place  its  first 
bottom  reflection  at  the  weld  root  (1/4  square  inch  with 
the  transducer  1/2  inch  from  the  leading  edge  of  the 
search  unit  in  the  case  of  1/2  inch  welds)  .  The  unob¬ 
structed  use  of  the  first  bottom  reflection  and  removal 
of  root  reinforcement  appeared  to  be  necessary  if  this 
technique  (Fig.  V-2)  was  to  detect  root  porosity. 

Pulse-echo  techniques  were  used  to  analyze  the  dis¬ 
tribution  of  fine  linear  porosity  in  Titanium.  After 
initial  inspection  by  X-ray,  the  weld  was  cut  from  the 
panel.  The  sides  parallel  to  the  direction  of  welding 
were  ground.  The  pulse  was  directed  into  one  ground 
side  and  reflected  from  another.  Flat  bottom  holes  were 
used  for  calibration.  The  indications  recorded  during  a 
C-scan  were  then  confirmed  by  sectioning.  Fig.  V-3  is  the 
C-scan  trace.  Fig  V-4  is  a  sketch  of  the  radiographic  and 
metallographic  correlation.  The  indications  along  the 
length  of  the  scan  are  echos  from  root  and  crown  contours. 
The  patches  identified  as  Al,  A2,  Bl,  and  B2  are  the  por¬ 
osity. 

2.  Overview  of  Quality 


Sixty  four  welds  were  tabulated  in  this  overview  including 
the  59  welds  required  for  the  program.  An  overview  of  the  yield 
in  terms  of  useable  weld  can  be  obtained  by  applying  a  criteria 
that  accepts  isolated  porosity  but  rejects  any  internal  linear 
defect.  Such  a  rudimentary  criteria  would  have  resulted  in 
the  rejection  of  only  fifteen  plates  as  follows; 

Titanium  (1/4  inch)  -  Nine  plates  produced/no  rejections 

Low  Alloy  Steel  (1/2  inch)  -  Fifteen  plates  produced /no 

rejections 

Inconel  (1/4  inch)  -  Nine  plates  produced/one  rejection 

Low  Alloy  Steel  (1/4  inch)  -  Thirteen  plates  produced/ 

two  rejections 

Titanium  (1/2  inch  process  development)  -  Five  plates/ 

two  rejections 

Titanium  (1/2  inch)  -  Twelve  plates  -  produced  and 

rejected  for  a  microporosity 
condition  not  previously  ob¬ 
served  in  program. 
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TOP 


BOTTOM 


CALIBRATION  POSITION  OF  SEARCH  UNIT 


FIRST  TOP  CORNER  REFLECTION 
(SATURATED  SIGNAL  -  2.8"  ) 


CRT  PRESENTATION  OF  REFLECTION  FROM  TOP  CORNER 
OF  PLATE  DURING  CALIBRATION- 


Figure  V-1 .  SEARCH  UNIT  CALIBRATION  PROCEDURE 


FIRST  BOTTOM  SIGNAL 
FROM  WELD  (2.8") 


CRT  DISPLAY 

Figure  V-2  .  TYPICAL  UT  INDICATION 
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SPECIMEN- (TI-FF)  1/2**  THICK 


average  length  of  weld  between  pores  (INCHES) 


1/2"  THICK 
PANELS 


1/4"  THICK 
PANELS 


Figure  V-5.  RELATIVE  INCIDENCE  OF  POROSITY 
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Fig.  V-5  sets  forth  the  incidence  of  all  detectable 
porosity  in  test  panels.  As  thickness  increased,  the 
incidence  of  porosity  also  increased.  Nickel  base  alloys 
resulted  in  the  mosf  pore-free  welds.  The  quality  of 
carbon  steel  and  titanium  welds  was  high  enough,  how¬ 
ever,  to  suggest  that  they  would  easily  meet  aerospace 
standards  (at  least  in  the  1/4  inch  thickness) . 

3.  Disposition  of  Panels 

The  above  non-destructive  evaluations  were  used  as 
the  basis  for  selecting  test  specimen  coupons  from  weld 
sections  that  appeared  to  be  defect- free.  The  location 
of  indications  detected  using  standard  aerospace  NDE 
practice  is  shown  in  Appendix  B. 

After  the  selected  specimen  sections  of  the  welds 
had  been  machined  into  test  specimens  and  subjected  to 
mechanical  test,  the  surfaces  of  the  broken  fatigue  test 
specimens  were  inspected  at  25X  (or  by  scanning  electron 
microscope)  .  A  correlation  was  carried  out  between  the 
results  of  these  first  NDE  findings  and  the  number  (and 
type)  of  defect  that  was  revealed  by  inspection  of  the 
fracture  face.  This  correlation  is  svuranarized  for  each 
alloy  in  appendix  C,  and  the  implications  are  discussed 
in  terms  of  each  program  material  in  the  following  sec¬ 
tions  . 

B.  LASER  WELDS  IN  LOW  ALLOY  CARBON  STEEL  (300M) 

As  noted  in  Section  III,  this  material  was  selected 
for  its  inherent  strength,  weldability  and  unusual  frac¬ 
ture  toughness. 

1.  Base  Metal  Characteristics 

The  program  material  came  from  a  single  heat  of  300M 
alloy.  The  composition  of  this  alloy  is  that  of  a  silicon 
(1.6%  Si)  modified  4340  low  carbon  steel  with  minor  increases 
in  carbon  and  molybdenvun.  Vanadium  is  also  added. 

The  actual  compositions  used  in  this  program  were: 

Mn  Si  Ni  Cr  Mo  V  Fe 


C 

Nominal  (%) 
0.40 


0.75  1.60  1.85  0.85  0.40  0.08  Bal. 


Billet 

Ident. 


Furnished*  to  Program  Billet 


c 

Mn 

Si 

Ni 

Cr 

Mo 

V 

Fe 

Ident. 

0.041 

0.70 

1.60 

1.77 

0.77 

0.43 

0.08 

Bal. 

IT 

0.042 

0.69 

1.61 

1.75 

0.77 

0.42 

0.08 

Bal. 

IB 

0.042 

0.70 

1.62 

1.76 

0.78 

0.43 

0.08 

Bal. 

7T 

0.041 

0.69 

1.60 

1.75 

0.78 

0.42 

0.08 

Bal. 

7B 

*Latrobe  Steel  -  Latrobe^,  PA  Heat  C24402  (Ingots  1  and  7) 

The  material  was  in  flat  bar  form  with  as-rolled (rounded) 
edges.  All  bars  were  six  inces  wide.  For  welds  made  parallel 
to  the  rolling  direction  (transverse  test  welds) ,  the  rounded 
edge  was  ground  back  far  enough  to  produce  a  square  surface 
preparation. 

Bar  stock  rolled  less  than  3/8  inches  thick  is  not  avai¬ 
lable.  Therefore,  1/4  inch  thick  test  pieces  were  produced 
by  Blanchard  grinding  1/16"  from  each  face  of  3/8  inch  flat 
rolled  bar. 

The  material  was  produced  to  the  following  specification; 

MIL-S-8844C,  Class  3,  Cond  E-2 

LPS  DECARB  Specification  Tolerances 

Grain  size  was  reported  to  be  ASTM  Six  and  One  Half  to 
Seven  and  One  Half 

The  bar  was  produced  by  vacuum  arc  melting,  hot  rolling,  and 
then  heat  treated  at  the  mill  by  normalizing  and  annealing. 

Ultimate  Tensile  Strength:  286  -  294  Ksi 

Yield  Strength:  240  -  246  Ksi  (0.2%  Offset) 

Elongation:  9.0  -  11.2  (%  in  4D) 

Reduction  of  Area:  32.2  -  44.9  (%) 

Some  variance  of  strength  was  observed  at  the  several  test  loc¬ 
ations  throughout  the  billets  (1  top  and  1  bottom?  7  top  and 
7  bottom),  producing  the  above  spread  of  properties. 

2.  Panel  Welding 

The  welding  set-up  tests  used  to  establish  the  procedures 
employed  to  weld  the  low  alloy  carbon  steel  panels  and  photo¬ 
graphs  of  the  resulting  development  welds  are  shown  in  Appen¬ 
dix  D. 

Table  V-1  summarizes  the  low  alloy  steel  test  pand  weld¬ 
ing  procedures  which  included  wirebrush  and  acetone  r:.nse  as  a 


pre-weld  cleaning  procedure.  Fig.  V-6  sets  forth  the  details 
of  shield  set-up.  Fig.  V-7  shows  the  tooling  that  was  used 
to  hold  the  panels  for  welding.  The  quality  of  the  resulting 
test  panels  was  high  (see  Fig.  V-5)  and  is  described  for  each 
welded  test  panel  in  Appendix  B.  Appendix  B  also  reports  the 
following  experimental  information  in  detail: 

Panel  Identification  Size  Orientation  and  Shape 
Identification  Orientation  and  Location  of  Each 
Weld  in  Panel 

Procedure  Details  for  each  Weld  in  the  Panel 
Location  of  all  Non-Destructive  Indications 
In  Each  Weld 

Location  of  Test  Specimen  Coupons  in  each  Weld 
Relationship  between  NDT  Indications  and  Test 
Specimen  Location 

3.  Welding  Characteristics 


Behavior  during  welding  that  sets  300M  apart  from  other 
program  materials  was  noted  throughout  the  program  and  is 
summarized  here. 

The  low  alloy  carbon  steel  {300M)  used  in  these  tests 
was  the  most  weldable  of  all  program  materials.  Procedures 
were  readily  established  in  all  program  test  plate  thickness¬ 
es  (1/4,  3/8  and  1/2  inches)  .  Inspite  of  its  high  harden- 
ability,  it  could  be  laser  welded  without  preheat  in  sections 
up  to  0.5  inches.  No  post-solidification  cracking  was 
observed.  The  metal  utilizes  laser  energy  more  efficiently 
than  any  other  program  material  and  exhibited,  with  titan- 
ivim,  the  greatest  penetrability  observed  in  the  program  — 

0.6  inches.'  As  noted  in  the  NDT  overview  section,  welds 
of  very  high  quality  were  easily  obtained. 

The  distortion  of  the  1/2  inch  welds  documented  in 
Section  IV  -  Table  IV-15  was  slightly  greater  than  Titan¬ 
ium  probably  because  the  steel  undergoes  a  transformation 
on  cooling..  Welds  in  thinner  program  thicknesses  (where 
less  volvime  of  steel  is  involved)  exhibited  distortion 
levels  almost  identical  to  titanium  and  the  nickel  base  alloy. 

The  cross  sections  of  the  low  alloy  steel  welds  have 
very  high  (5:1  or  6:1)  depth  to  width  ratios.  They  compare 
to  the  nickel  base  alloy  in  this  respect.  Titaniiun  typi¬ 
cally  exhibited  4:1  ratios.  However,  the  carbon  steel 
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cross  sections  in  thinner  plates  indicated  an  improper  focus 
condition,  which  produced  pinched  cross  sections  (Fig.  V-8) . 

As  noted  in  Section  IV,  this  condition  suggests  that  the 
focal  point  was  too  close  to  the  plate  surface.  Occasion¬ 
ally,  a  slight  change  in  focus  occurred  (Weld  118  Section  A 
compared  to  118  Section  B)  .  The  1/4  inch  plates  from  which 
weld  118  was  made  had  been  ground  -  removing  warpage  as  a 
cause.  Apparently,  the  F/7  optical  system  contained  an 
instability. 

The  pinching  of  the  cross  section  leads  to  cracking 
shown  in  Fig.  V-9  (Weld  118  Section  A)  .  In  all,  twelve 
instances  of  cracking  were  observed.  All  were  very  short 
suggesting  that  focal  condition  causing  the  pinched  section 
occurred  over  only  a  short  length  of  weld. 

The  ability  of  the  laser  to  weld  the  300M  grade  of  low 
alloy  carbon  steel,  without  preheat,  is  of  considerable 
practical  significance.  No  preheat  was  used  in  any  thick¬ 
ness  and  no  evidence  of  quench  cracking  was  observed. 

4.  Specimen  Preparation 

Once  low  alloy  carbon  steel  panel  weldments  were  complet¬ 
ed  at  the  AVCO  Everett  Research  Laboratories,  Everett,  Massa¬ 
chusetts,  they  were  identified  and  shipped  to  the  Long  Beach, 
California  plant  of  the  Douglas  Aircraft  Corporation  for  weld 
evaluation.  At  that  site,  the  following  steps  were  implemen¬ 
ted  in  processing  the  material  from  this  welded  panel  form 
to  finished  test  specimens: 

A.  Receive  test  panels 

B.  Non-Destructive  evaluation,  welded  plates  only 

C.  Specimen  location  and  layout  in  areas  with  no 
NDT  indications 

D.  Remove  coupons  from  plates  (Band  Saw) 

E.  Reduce  weld  hardness  for  machining  (normalize  and 
temper  to  Rc  32) 

F.  Check  and  straighten 

G.  Machine  to  finish  dimensions 

H.  Copper  plate  against  decarburization 

I.  Austenitize  (1600°F)  oil  quench,  strip  copper  and 
temper  to  275-305  KSI  ULT,  descale  by  abrasive  blast 

NOTE:  Some  straightening  was  done  in  the  heat  treatment 

cycle  resulting  in  the  breakage  of  one  specimen  and  crack¬ 
ing  of  several  others. 
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PANEL  THICKNESS 

Welding  Parameters 

1/4  inch 

3/8  inch 

1/2  inch 

Power,  Beam  (KW)  Power 

11.0 

16.0 

15.0 

on  Work  (KW) 

7.7 

11.2 

13.5 

Process  Speed  (1pm) 

100 

65 

30 

Optics  (F/No.) 

7 

Same 

21 

Focal  Distance  (in) 

28-1/16 

Same 

32.5 

Surface  Preparation 

Deburr,  Wire  Brush 
Rinse  w/Acetone 

Same 

Same 

Shielding  Gas  (Type/CFH) 

let 

Helium  /  100 

Same 

Same 

Trailer  Hood 

Argon  /  25 

Same 

Same 

Underbead 

Helium  /  10* 

Same 

Same 

Shield  Position 

Set  Back  (in) 

7/16 

Same 

3/8 

Lift  Off  (in) 

0.03 

0.04** 

0.03 

Gap 

002* 

Same 

Same 

Mismatch 

005* 

Same 

Same 

Tooling 

Figure  V-7 

Same 

Same 

Filler  Wire 

Not  Used 

Same 

Same 

*  Unless  noted  for  a  specific  panel  in  Appendix  B. 

**  In  some  panels,  surface  heilght  varied  0.062  in.  such  that  hood  lift-off 
approached  0. 1  inches.  This  is  excessive  at  the  nominal  25  CFH  flow 
rate  but  appeared  to  be  acceptable  if  the  flow  rate  was  raised  to  50-60  CFH. 


Table  V-1 .  LOW  ALLOY  STEEL  WELDING  PROCEDURES 
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trailer 


TRAILER  HOOD  GAS 


PLATE  SURFACE 


DIFFUSER 


JET  TRAILER  SHIELD 


SHIELDING 

GAS 


WATER 


PLATE  SURFACE 


DIFFUSER 


FULL  HOOD  SHIELD 


V-6.  DEFINITION  OF  PROCEDITR 


VARIABLES 


LARGE  Clamps  required 

ONLY  rOR  1/2'  MATERIAL 
TO  CONTROL  PLATE  \ 


LEVELNESS 


PLATE  CLAMPING 
JACK 


ADJUSTABLE  GAS  SHIELD 
SUPPORT  STRUT 


JET  trailer  SHIELD 
(HOOD  SUBSTITUTED 
FOR  ALUMINUM  AND 
TITANIUM  WELDS 


TEST  PANEL 


STRONG  BACK 


Figure  V-7  ,  TOOLING  CONFIGURATION  FOR  PANEL  WELDING 
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re  No.  LR-216  Mag.  4 . 7X 
Weld  No.  118b 


re  NO.  LR-215  Mag.  4.9X 
Weld  No.  118A 


gative  No.  LR-218  Mag.  4.8 
(d)  Weld  NO.  118D 


re  NO.  LR-217  Mag.  4.7 
Weld  No.  118C 


Figure  V-8.  TYPICAL  LOW  ALLOY  CARBON  STEEL 
WELD  CROSS  SECTIONS 


Figure  V-9.  CRACK  IN  PINCHED  CROSS  SECTION  (STEEL) 
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J.  Inspect  (magnetic  par-'  cle) 

K.  Clean  up  cracks  (conti  illed  surface  grinding) 

L.  Re-inspect  for  cracking  or  burning. 

All  of  the  300M  alloy  steel  test  specimens  were  evaluated 
by  magnetic  particle  testing  to  confirm  freedom  from  cracks 
after  heat  treatment.  This  evaluation  is  a  normal  precaution 
with  this  alloy.  Three  (l/4inch  thick) fatigue  specimens 
(No's  FTW-IS,  FTW-5S,  FTB-3S)  were  found  to  have  numerous 
surface  indications  at  the  test  section.  These  indica¬ 
tions  are  sufficient  to  require  removal  prior  to  any  testing. 
Specimen  FTW-3S  broke  during  straightening. 

The  three  1/4  inch  thick  steel  fatigue  test  specimens 
were  magnetic  particle  tested  after  surface  grinding  to 
remove  magnetic  particle  indications  and  were  found  to  be 
free  of  surface  defects.  It  was  necessary  to  remove  0.005 
inches  from  specimen  #FTW-5S  and  0.015  inches  from  specimen 
#'s  FTW-IS  and  FTB-3S. 

Two  1/2  inch  steel  (300M)  base  metal  fatigue  specimens 
were  magnetic  particle  inspected  and  found  to  be  free  of 
surface  defects  after  grinding  to  improve  surface  finish 
in  an  attempt  to  reduce  test  point  scatter. 

All  of  the  notched  (fracture  toughness  and  KISCC  stress 
corrosion)  test  specimens  exhibited  magnetic  particle  indi¬ 
cations  at  the  root  of  the  notch.  However,  only  one  was  found  to 
be  cracked  so  as  to  make  the  specimen  (#FBM-4S)  useless  for  test 
purposes.  The  remaining  specimens  appeared  to  be  suitable  for 
testing  without  additional  work. 

All  fatigue  specimens  were  dimensionally  checked  after 
all  work  was  completed.  All  were  within  tolerance,  which 
assures  that  bending  stresses  cannot  exceed  +  4  KSI. 

5.  Mechanical  Behavior 


As  a  final  task  in  the  program,  low  alloy  carbon  steel 
weld  specimens  were  subjected  to  the  following  tests: 

Tensile  (including  tests  of  repaired  welds) 

Axial  Fatigue  Tests 
Fracture  Toughness  Kic 
Notched  Stress  Corrosion  Kjsqq 

Smooth  Bar  Stress  Corrosion  Alternate  Sea  Water  Immersion 
Microhardness 
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Each  of  these  tests  are  described  in  the  following 
sections  in  terms  of: 

. . .  Test  Procedure 

. . .  Test  Objective 

. . .  Results 

a.  Tensile  Tests 

Tensile  specimens  containing  welds  (with  the  reinforce¬ 
ment  left  on)  never  exhibited  less  than  98.8%  of  the  strength 
of  the  base  metal i 

Procedure .  The  transverse  tensile  weld  specimens  were 
designed  to  place  the  maximtim  length  of  laser  welded  joint  under 
test.  This  amount  was  limited  by  available  testing  machine  capa¬ 
city  and  the  length  of  specimens  that  could  be  removed  from  the 
weld  test  panel.  The  width  of  the  gauge  section  of  the  longitu¬ 
dinal  samples  was  also  selected  within  the  above  constraints  to 
provide  the  maximum  amount  of  wrought  metal  on  either  side  of 
the  fused  metal  plus  heat  affected  zone  of  the  weld.  This 
practice  makes  for  easier  delineation  of  the  relative  ductil¬ 
ity  of  the  three  elements  of  a  weld  (cast  metal,  heated  metal, 
or  supporting  base  metal)  . 

The  selected  gauge  sections  for  longitudinal  and  trans¬ 
verse  specimens  were: 

1/4  inch  thick  x  0.75  inch 
3/8  inch  thick  x  0.75  inch 
1/2  inch  thick  x  1.00  inch 

Specimen  designs  are  listed  in  Appendix  E. 

The  testing  equipment  employed  on  the  1/2  inch  thickness 
was  a  400,000  pound  Tinius  Olson  equipped  with  extensometers . 

A  similar  machine  with  a  120,000  capacity  was  used  on  3/8 
inch  material.  The  1/4  inch  tests  were  run  on  a  60,000 
Baldwin  tensile  testing  machine. 

Base  metal  test  specimen  designs  followed  similar  prin¬ 
ciples.  Tests  were  made  parallel  to  the  rolling  direction 
and  transverse  to  the  rolling  direction. 

The  objective  of  these  tests  was  to  determine  the  weld 
joint  efficiency  of  heat  treated  welds  in  transverse  tension 
with  crown  and  root  intact  (except  for  the  crown  and  root  of 
the  3/8  inch  welds) .  Additionally,  longitudinal  test  welds 
were  broken. 
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and  examined  after  testing  to  determine  whether  the  weld^,  the 
heat-affected  zone,  or  the  brise  metal  was  the  least  ductile 
portion  of  the  joint. 

The  resulting  tensile  yield  strength  and  elongation 
values  show  that  the  welds  performed  much  like  the  base 
metal.  Table  V-2  and  Fig.  V-10  weld  strengths  ranged 
from  293  -  273  KSI  ULT.  Joint  efficiencies  exceeded 
98.8%  in  all  cases.  Occasionally,  the  reinforcement  caused 
joint  strength  to  exceed  base  metal  strength.  Failure  in 
all  transverse  steel  welds  was  in  the  weld  —  usually  associated 
with  the  slight  depression  observable  on  either  side  of  the 
crown . 

Much  of  the  plastic  strain  was  absorbed  by  the  relatively 
narrow  welds.  Therefore,  elongation  measured  over  two  inches 
appeared  to  be  low.  When  a  one  inch  length  was  used,  it 
increased  the  volumetric  influence  of  the  strain-absorbing 
characteristics  of  the  weld.  The  elongation  values  based 
on  a  one  inch  gauge  length  approached  those  of  the  base 
metal  specimens  (i.e.  9-11%  for  base  metal  vs.  8-9%  for 
welds)  . 

An  analysis  of  the  longitudinal  welded  specimens  after 
breaking  (Table  V-2)  showed  that  the  weld  had  taken  nearly 
as  much  strain  as  the  heat  affected  zone  or  the  base  metal. 

Weld  failure  and  the  adjacent  fracture  faces  showed  a  duc¬ 
tile  mode. 

Macroscopic  examination  of  the  fracture  faces  revealed 
a  shrinkage  crack  of  the  type  shown  in  Fig.  V-9  in  Specimen 
ATT-9,  ALT-1,  ALT-2  and  ALT-3.  The  crack  would  not  be  ex¬ 
pected  to  influence  the  longitudinal  ALT  specimen  as  it  is 
parallel  to  the  direction  of  stress.  It  had  little  effect 
on  the  transverse  (ATT)  specimen. 

b.  Axial  Fatigue  Tests 

Welded  fatigue  tests  appeared  to  perform  about  as  well 
as  base  metal  in  these  tests.  Scatter  tended  to  obscure 
results . 

Procedure .  The  transverse  axial  fatigue  specimens  were  de¬ 
signed  to  place  the  maximvim  amount  of  laser  weld  under  test. 

This  amount  was  limited  by  available  testing  machine  capacity 
and  the  length  of  specimens  that  could  be  removed  from  the 
weld  test  panel.  The  selected  gauge  sections  were: 
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1/4  inch  thick  x  0.75  inch  wide 

1/2  inch  thick  x  1.00  inch  wide 

Specimen  designs  are  listed  in  Appendix  E. 

The  testing  equipment  employed  was  a  200  KIP  capacity 
electro-hydraulic  fatigue  machine  using  MTS  self  aligning 
hydraulic  grips.  Testing  was  conducted  at  a  minimum/maxi - 
mxam  stress  ratio  =  0.1  and  at  a  frequency  of  3  hertz.  Upon 
completion  of  initial  tests  there  was  evidence  that  some 
bending  was  being  introduced  and  the  loading  of  all  subse¬ 
quent  specimens  was  monitored  by  strain  gauges  placed  on 
the  specimens. 

The  objectives  of  this  limited  testing  program  were  to: 

1)  Compare  base  metal  and  laser  weld  performance 

2)  Reveal  defects  that  were  not  detected  by  prior 
non-destructive  examination  and  consider  the 
implications  in  terms  of  process  control 

The  determination  of  a  definitive  endurance  limit  for  either 
base  metal  or  welds  was  not  attempted.  Some  reference  data 
is  shown  for  comparison. 

The  results  are  shown  in  Fig.  V-11.  Considerable  scatter 
can  be  observed  in  both  base  metal  and  welded  specimens.  There 
is  far  too  much  scatter  to  establish  any  definitive  design  cri¬ 
teria.  If  the  results  are  averaged^  however ^  it  appears  that 
the  welds  met  the  objective  of  this  initial  testj,  i.e.,  they 
have  about  the  same  range  of  strengths  as  the  base  metal  shown 
in  the  shaded  zone.  Their  tendency  to  range  beyond  the  boundaries 
of  base  metal  performance  may  be  indicative  of: 

1)  More  welded  samples  than  base  metal 

2)  More  complex  structure  in  the  weld  than  in  the 
base  metal 

3)  Occasional  defects  not  detected  by  conventional 
NDT  were  influencing  performance 

The  scatter  does  not  seem  to  be  the  result  of  laser  welding  since 
it  was  also  observed  in  the  base  metal. 

Table  V-3  lists  the  test  data  for  each  specimen  in  the  pro¬ 
gram,  and  correlates  these  with  the  post-test  observations  of 
the  fracture  face.  Note  that  some  data  was  not  used. 

Pig.  V-12  and  13  illustrate  some  of  the  observed  fracture 
face  conditions  described  in  Table  V-3  under  Post  Test  Examination. 

Some  implications  regarding  the  effect  of  the  various 
defects  on  performance  can  be  drawn  from  the  correlation 
data  (Table  V-3) .  Principally,  the  implication  of  freeze 
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cracking  should  be  considered  because  it  is  related  charac¬ 
teristically  to  the  laser  process  through  improper  (shallow) 
focus  settings. 

The  presence  of  freeze  cracking  (such  as  that  shown  in  Fig. 
V-9)  definitely  dropped  the  fatigue  performance  of  welds  below 
that  of  the  base  metal.  Such  cracking  is  difficult  to  detect 
by  x-ray  and  was  not  picked  up  by  shear  wave  techniques.  The 
dendrite  freezing  pattern  in  a  pinched  weld  is  similar  to  that 
found  in  a  cylindrical  mold,  so  that  there  is  not  necessarily 
a  pronounced  centerline  -  and  with  it,  a  predictable  crack 
surface  orientation. 

Overall,  eight  shrinkage  cracks  were  found  in  post- test 
examination.  They  were  ins 

One  Alternate  immersion  Stress  Corrosion  Specimen 
Two  Fatigue  Test  Specimens 

Four  Tensile  Tests  (one  1/4  inch  and  three  3/8  inch 
tensile  specimens) 

One  Macro  Section 

All  but  one  specimen  were  steel.  The  other  specimen  was 
nickel  base  alloy. 

Porosity  did  not  have  as  pronounced  an  effect  on  fatigue 
performance  as  did  shrinkage  cracks.  The  location  of  the  pore 
is  important.  For  example.  Table  V-3  shows  that  the  origin 
of  failure  in  two  welds  (W-8  and  W-9)  was  a  small  pore.  Yet 
W-9  considerably  exceeded  base  metal  results,  and  W-11  performed 
very  well.  Thus,  the  tendency  of  a  pore  to  act  as  a  fatigue 
ir ' tiation  point  does  not  necessarily  mean  that  overall  specimen 
performance  will  suffer.  In  fact  two  other  welds  (W-2  and  W~10) 
that  performed  marginally  (Table  V-3)  with  respect  to  the  base 
metal  standard  showed  no  evidence  of  any  defect  at  the  failure 
origin  upon  close  post-test  examination.  However,  when  a  pore 
was  observed  at  the  origin  and  also  at  the  surface,  the  per¬ 
formance  of  the  weld  was  very  poor  (specimen  W-7,  Fig.  V-13)  . 

c.  Fracture  Testing 

Low  alloy  carbon  steel  laser  welds  performed  exception¬ 
ally  well  in  tests  designed  to  measure  their  toughness  after 
heat  treatment.  They  exceeded  base  metal  results  and  exhibited 
great  toughness  with  respect  to  published  data  (Fig.  V-15) . 
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Specimen 

Elongation  (%) 

Ultimate  Strength  (psi)  | 

Thk. 

Description 

Ident. 

Weld*** 

) 

Tensile' 

Yield 

1/4" 

Transverse 

TTB-IS 

8.5 

288.308 

246.268 

Base  Metal 

TTB-2S 

7.6 

288.403 

245.983 

Longitudinal 

LTB-IS 

9.0 

288.347 

244.680 

Base  Metal 

LTB-2S 

8.8 

290.483 

245.142 

Transverse 

ATT- IS 

8.5 

3.1 

289.515 

245.609 

Welded 

ATT-2S 

6.4 

1.6 

286.467 

241.442 

ATT-3S 

6.7 

1.6 

289.017 

242.511 

Longitudinal 

ALT- IS 

7.2 

3.0 

4.1 

294.133 

244.450 

Welded 

ALT-2S 

6.4 

2.4 

3.8 

285.496 

236.641 

ALT-3S 

9.4 

3.4 

5.0 

297.875 

250.524 

3/8" 

Transverse 

ATT-4S 

9.0 

5.0 

256.400 

223.500** 

Welded 

ATT-5S 

10.0 

5.0 

256.400 

225.400** 

1/2" 

Transverse 

TTB-5S 

11.8 

276.435 

* 

Base  Metal 

TTB-6S 

12.2 

272.595 

229.349 

Longitudinal 

LTB-5S 

10.6 

275.682 

229.251 

Base  Metal 

LTB-6S 

14.2 

276.690 

233.105 

Transverse 

ATT-7S 

13.3 

7.2 

273.121 

230.250 

Welded 

ATT-8S 

7.8 

3.3 

275.514 

235.157 

ATT-9S 

8.7 

4.0 

276.756 

239.985 

Longitudinal 

ALT-7 S 

6.0 

7.6 

273.586 

233.690 

Welded 

ALT-8S 

9.9 

11.1 

276.830 

231.695 

ALT-9S 

11.6 

12.7 

275.667 

231.833 

*  Extensometer  Malfunction 
**  Shrink  Tear 


***  Measurement  of  weld  metal  ductility  when  supported  hy 
the  base  metal  and  forced  to  yield  at  the  same  rate  as 
the  base  metal.  This  determination  of  ductility  is  not 
affected  by  base  metal  weld  strength  differences.  See  sketch. 


SKClHfN  ElONOATION 


WCLD  METAL  ELONGATION(.%) 


.SPCOMEN  C10WC»WEID  SEWMUTION 
OmOiNAl  DISTAHC  E  BETWEEN  CAGE  POINTS 
(TYPICAllT  2*) 


Table  V-2 .  LOW  ALLOY  CARBON  STEEL  TENSILE  RESULTS 
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TMCKNCSS 


OESCR#TKM 


IM  I  1/2 


TN*NSVCI>SC 


SAse  mctal 


LASER  WCLO 


Figure  V-10.  COMPARATIVE  TENSILE  PROPERTIES  (STEEL) 
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Negative  No.  SR-902 


Mag.  585X 


Top; 

Bottom: 


Macro  Photo  of  Area 
Enlargement  of  Failure  Site 


Figure  V-ll-a.  FAILURE  INITIATION  SITE,  SPECIMEN  W-5S 


814X 


Macro  Photo  of  Area 
Enlargement  of  Failure  Site 


Top; 

Bottom 


Figure  V-ll-d.  FAILURE  INITIATION  SITE,  SPECIMEN  W-12S 


Top:  W-1 
Middle:  W-2 
Bottom:  W-3 


FATIGUE  TEST  SPECIMENS  (1/4  INCH  STEEL) 


Figure  V-I2 . 
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Negative  No.  495 


Mag .  3 . 8X 


■,df 


4»r'* 


Figure  V-13-b.  FATIGUE  TEST  SPECIMENS  (1/2  INCH  STEEL) 
(CONTINUED) 


Post  Test  Examination 


Initiation  Point 


Cycles  to 
Failure 


Metal 


Subsurf. 


Comer 


Surface 


Crack 


Other 


None 


Pores 


Ident 


2.0x10^ 

1.6x10^ 

4.3x10^ 

3.0x104 


2.5x10^ 

.35xl0S 

3.7x105 


(1)  Residual  crack  from  specimen  manufacturing  operations 


Specimen 

Thk. 

Condition 

1/4- 

Base 

Metal 

Welded 

1/2- 

Base 

Metal 

Welded 

Table  V-3. 


LOW  ALT.OY  CARBON  STEEL  AXIAL 
TENSION  FATIGUE  RESULTS 
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Procedure.  Tests  were  conducted  and  evaluated  in  accord¬ 
ance  with  ASTM  E  399-74.  The  specimen  configuration  is  de¬ 
scribed  in  VC  008251  in  Appendix  E.  ASTM  E  399-74  requires 
that  the  precrack  front  be  essentially  flat  upon  post-test 
examinations  (e.g.  that  crack  front  measurements  1^2  3  4 
in  the  sketch  on  Table  V-4  not  vary  more  than  5%)  .  It  was 
possible  to  meet  this,  and  other,  criteria  for  plane  strain 
fracture  in  all  but  one  low  alloy  carbon  steel  specimen. 

Table  V-4  shows  how  the  stress  intensity  factor  at 
the  tip  of  each  crack  (KQ)  was  determined  from  the  crack  front 
dimensions.  Fig.  V-14  shows  the  profile  of  the  fracture  faces 
of  the  specimens.  Examination  of  the  profile,  or  of  the  crack 
front  dimension  values  in  Table  V-4,  inidicates  plane  strain 
conditions  of  failure.  Therefore,  Kq  is  equal  to  the  threshold 
stress  intensity  factor  (Kic)  which  delineates  material  tough¬ 
ness.  For  information,  the  fatigue  loads  are  also  shown 

in  Table  V-4. 

The  equipment  used  for  pre-cracking  was  a  Krause  Lever 
Arm  Fatigue  Testing  Machine.  Crack  growth  was  monitored  by  a 
16X  optical  scope.  The  pre-crack  specimen  was  then  placed  in 
a  Riehle  30,000  pound  machine  equipped  with  an  MTS  compliance 
gauge . 

The  notch  and  crack  were  centered  in  the  fused  portion 
of  the  weld  cross  section  on  the  welded  samples. 

The  objective  of  these  tests  was  to  compare  the  tough¬ 
ness  'oT'base’lnetaT  with  the  toughness  of  a  laser  weld. 

The  results  of  the  fracture  toughness  calculations,  the 
K]_c  values,  are  plotted  with  respect  to  the  base  metal  performance, 
and  also  with  respect  to  available  handbook  data,  in  Figure  V-15. 
The  fracture  toughness  of  the  weld  is  greater  than  the  toughness 
of  the  base  metal  and  the  test  results  are  also  quite  attrac¬ 
tive  when  compared  to  the  reference  data. 

d.  Notched  Stress  Corrosion  Test  (I'lscc^ 

The  threshold  stress  intensity  for  stress  corrosion  to 
occur  (Kiscc)  alloy  carbon  steel  welds  appeared  to 

be  42%  of  the  Kic*  This  is  considered  exceptionally  good 
performance  for  a  high  strength  steel  subjected  to  both 
stress  and  corrosion  in  the  presence  of  a  notch.  An  anoma¬ 
lous  mode  of  failure,  dimpled  rupture,  was  observed  ahead 
of  the  characteristic  intergranular  fracture. 
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CRACK  front  DIMENSIONS.  INCHES' 


Base 

Meta) 


S4B6 


WelHed 


5508 


5562 


5594 


Ident. 

No. 

Thickness 
Inches 
®  1.  2.  3 

Depth* 

Inches 

Wl,2 

FBM-4S 

.4683 

1.0C65 

FBM-SS 

.4681 

1.0070 

FBM-6S 

.4697 

1.0068 

FA\V-4S 

.4681 

1.0065 

FAW-5S 

.4683 

1.0068 

HEAT  TREATMENT  CRACK 


Testing  and  calculations  performed  in  accordance  with  ASTM  specification  r399-74. 
See  sketch  of  specimen  dimension. 


.5611 

27.4 

2150 

58.9 

56.9 

.5484 

26.2 

2)80 

57.  1 

57.1 

.5643 

27.7 

2750 

76.3 

76.3 

.5823 

29.6 

2895 

85.6 

77.5 

77.5 

Calculation:  *^max. 
Calculation:  Kq 


fratiQue  Load)  W  [f  (d''w)l 
B(W-L)  3/2 


B(W-U  3/2 


Pre-crack  front  not  in  compliance  with  ASTM  requirements 
for  valid  test.  (Variation  of  crack  front  measurements 
more  than  5%  of  L  2 . 3 . 4)  • 


Table  V-4.  LOW  ALLOY  CARBON  STEEL  FRACTURE 
TOUGHNESS  TEST  RESULTS 


Negative  No.  LR-584 


Mag.  2X 


(a)  Left: 

(b)  Middle; 

(c)  Right: 


Specimen  FAW-4S 
Specimen  FAW-5S 
Specimen  FAW-6S 


Figure  V-14.  WELD  TOUGHNESS  SPECIMENS  (STEEL) 


STRESS 


—I - \ - 1 - - 1 - 1 - 1 - 1 

190  200  2K)  220  230  240  250  260 

TENSILE  STRENGTH.  Ksi 

Figure  V-15.  FRACTURE  TOUGHNESS  RESULTS  (STEEL) 
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»  There  is  no  established  test  method  for  notched 

Procedure  „  T  mv^re^fore  test  specimens  were  pre¬ 
stress  corrosion  in' accordance  with  ASTM  E  399-74 

'vToeSLlinescribes  fracture  toughness  testing.  The  speci- 
which  008951  described  in  Appendix  E,  and  is 

rd^ric^rtr^hat  used  for  fracture  toughness  .determination 
Table  V-5  indicates  the^method^of^d_ete™ining^^^^^ 
intensity  Kq  for  each  relates  stress  inten- 

specimens  and  f  ^^^erefore.  Fig.  V-17  indicates  the 

sity  to  time  of  *  intensity  below  which,  in  spite  of 

threshold  value  of  stres  oaH-water  a  defect  such 

the  presence  L  progress.'  The  value 

rarLrcaWat:dTnd  is  sho^  in  Table  V-5  for 

inlor^tion-ip^ent  used  for  both  Pna-onacking  and  final 
fracture  was  a  Krause  Lever  Arm  Fatigue  Teste  . 
growth  was  monitored  by  an  anto-collmator  at  1  . 

Leakage  was  acn^lish^  ^.LT^e  ^  "uh  -  -i-red 

»L"r  £ 

rrrr2,'":pr=Uic  gra:^iri.02  -  I.OD.  The  solution  is 

‘°ThfLrert^vro“/tMs^Srt  ---to  compare  the^tough- 
ness  'oi  laser  weld”to  the  toughness  of  the  base  me 

under  corrosive  V-17  suggest  that  the  stress 

The  test  results  in  Fig.  v  gy 

intensity  threshhoidT  termed  Kiscc»  is  34  KSi  m 

alloy  carbon  steel  welds.  notched  stress 

Electron  performed  to  confirm 

corrosion  ts  technique.  This  examine- 

the  -«nctiveness^o£^the^tests^techn^q^^,^^^ 

tion  that  they  were  produced  by  intergranular 

La^ir  Ho^evL,  tLre  is  an  unusual  band  representing 

rdt^Te-rupture  mode  p  -/--Llfsalhr oTo'! 
crack  front  (Fig.  V-16) .  T  failure  Fiq.  V-18 

^"iffirdViroHrisT^^^^^^^ 

rnterr^nuirr  frilure  at  the  top  of  each  photo.  The 
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aii-vAa 


Idt-nl . 
SCK 

Thickness 
Inches 
®  1,  2,  3 

Depth 

Inches 

Wl,2,3 

CRACK  FRONT  DIMENSrONS,  INCHES 

K 

Max . 

Load 

(lbs.) 

K 

0 

Lifetime 

Minutes 

L  1 

^  2 

^  3 

L  4 

L  5 

‘-2,3,4 

A 

0.469 

1.006 

0.569 

0.577 

0.582 

0.586 

0.579 

0.582 

29.6 

2000 

59.  1 

20 

5a 

0.469 

1.006 

0.571 

0.503 

0.577 

0.572 

0.568 

0.577 

29.0 

1750 

50.8 

42.5 

Sb 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

1000 

29.00 

2820 

No  fail 

6 

0.469 

1.006 

0.573 

0.581 

0,581 

0.589 

0.580 

0.584 

29.7 

1500 

44.5 

580 

B{W-L)  3/2 


ru-CRACR  nom 


Load  X  W 
B(W-L)3/2 


[f  (a/w)J 


•PIClMn  OlMSaiOMB 


Table  V-5.  LOW  ALLOY  CARBON  STEEL  NOTCHED 

STRESS  CORROSION  {Kjscc)  TEST  RESULTS 


Negative  no.  436 
Left:  SCK-4 


Center:  SCk-5 


Mag.  2X 

Right:  SCK-6 


Figure  V-16.  NOTCHED  STRESS  CORROSION  SPECIMENS  (STEEL) 
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STRESS  INTENSITY  FOR 


TIME  -  MINUTES 


Figure  V-17.  NOTCHED  STRESS  CORROSJON  RESULTS  (STEEL) 


3200 


0.003  inch  band  of  dimpled  failure  mode  extends  a  short 
distance  above  the  dark  band  in  Fig.  V-18. 

No  explanation  is  available  for  the  band. 

e.  Stress  Corrosion  Cracking  Characteristics 
(Smooth  Bar  Specimen  -  Alternate  Sea  Water 
Immersion) . 

A  sound  weld,  austenitized,  quenched,  and  tempered  after  weld¬ 
ing  will  fail  in  the  base  metal  rather  than  in  the  weld  if  all 
three  elements  are  exposed  to  stress  corrosion  conditions. 

Procedure.  Alternate  immersion  testing  was  performed 
in  a  "Dunker . "  Pre loaded  specimens  are  immersed  in  synthetic 
sea  water  (ASTM  665-60B-with  Ph  7.8  -  8.2)  for  10  minutes 
followed  by  a  50  minute  exposure  to  air  at  room  temperature. 

Preloading  to  75%  FTY  is  accomplished  in  coil  spring 
fixtures  carefully  coated  to  prevent  galvanic  inter-action 
with  the  specimen. 

The  specimens  were  of  a  flat,  smooth  bar  design  (ZCOO 
8251)  .  All  specimen  drawings  will  be  found  in  Appendix  E. 

The  Tests  Objective  emphasized  the  relative  location 
of  the  stress  corrosion  failure  with  respect  to  the  three 
elements  of  any  weldment. 

1)  Base  metal  unaffected  by  welding 

2)  Heat  Affected  Zone 

3)  Fused  Weld  Metal 

Test  Results.  Fig.  V-19  is  a  graphical  representation 
of  the  lifetime  exhibited  by  the  specimens. 

Metallographic  sections  of  the  stress  corrosion  test 
specimens  revealed  that  the  failures  occurred  in  the  base 
metal  in  the  two  specimens  SCS-IS,  SCS-3S,  which  exhibited 
the  longest  lifetime.  Specimen  SCS-2S  failed  in  the  weld 
metal.  Fig.  V-20  shows  macrographs  of  the  resulting  frac¬ 
ture  appearance  in  SCS-2S.  The  arrows  indicate  the  initia¬ 
tion  site  of  the  failure. 

Scanning  electron  microscopic  examination  of  the  frac¬ 
tures  resulting  from  stress  corrosion  testing  (smooth)  of 
the  300M  steel  confirmed  that  the  three  specimen  failures 
initiated  by  intergranular  cracking  typical  of  stress 
corrosion.  Fig.  V-21  illustrates  the  characteristic 
intergranular  features  observed  at  the  failure  origin 
of  these  specimens.  However,  Specimen  SCS-2S  which 
failed  through  the  weld  metal,  exhibited  some  discontin- 


uities  which  were  too  large  to  be  secondary  cracking.  The 
features  of  these  discontinuities  (Fig.  V-22)  are  similar 
to  flaws  observed  in  tensile  Specimen  ALT-2S  (Fig.  V-23) . 
Therefore,  the  early  failure  of  Specimen  SCS-2S  seems  to 
have  been  caused  by  a  welding  related  defect.  Further, 
when  laser  welds  are  defect  free  they  are  less  susceptible 
to  corrosion  than  the  base  metal.  This  statement  applies 
to  specimens  that  were  hardened  and  tempered  after  welding 
and  is  supported  by  the  performance  of  Specimens  SCS-IS 
and  3S.  Both  specimens  failed  in  the  base  metal  away  from 
the  weld. 

f.  Microhardness  Examination 

Although  as-welded  hardness  reached  Rj,60,  and  no  preheat 
was  used,  there  was  no  evidence  of  quench  cracking.  After  a 
post-weld  heat  treatment  (austenitize  and  temper) ,  weld  metal 
and  HAZ  responded  within  2-5  R  of  base  metal. 

Procedure.  A  Knoop  Microhardness  tester  was  used.  Hardness 
impressions  were  uniformly  spaced  0.014  inches  apart. 

Test  Objective  sought  to  verify  as-welded  hardness  in 
view  of  the  observation  that  no  quench  cracking  had  been 
observed.  This  is  a  highly  hardenable  steel  and  no  preheat 
had  been  used.  Additionally,  the  response  of  the  weld  to  heat 
treatment  was  observed  in  tests  of  relative  weld  -  HAZ  -  base 
metal  hardness. 

Test  results.  Micro  hardness  surveys  of  the  weld  metal  and 
heat  affected  zones  of  selected  representative  sections  of  laser 
welds  were  made.  These  are  shown  in  Figures  V-24,  V-25,.  V-2f- 
and  V-27.  Welds  before  and  after  heat  treatment  are  Included. 

The  results  cf.  these  measurements  are  considered  consistent 
with  expectations  for  welds  made  using  a  high  power  density 
beam. 

Although  the  "as  welded"  fusion  and  heat  affected  zone 
of  the  low  alloy  steel  was  found  to  be  extremely  hard,  no  evi¬ 
dence  of  "auto  cracking"  (quench  cracks)  was  detected  in  spite  of 
welding  without  the  preheating  or  post-heating  usually  associated 
with  deep  hardening  steels  of  this  type.  This  is  consistent 
with  the  results  of  electron  beam  welding  of  deep  hardening  steels. 
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Figure  V-18.  DUCTILE  FAILURE,  NOTCHED 

STRESS  CORROSION  TESTS  (STEEL) 
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KyTl. 

MATERIAL  -  300  M  ALLOY  STEEL 
TEST  CONDITIONS  - 

STRESS  MINIMUM  CROSS  SECTION- 182,000  pti  (75%  YIELD  STRENGTH) 
TEST  TEMPERATURE  -  AMBIENT  (R.T) 

CORROSIVE  MEDIUM  -  SUBSTITUTE  SEA  WATER  (  ASTM -1141-52  ) 

PM  7.8 -8.2 

SPECFIC  GRAVITY  1.02-1.03 
IMMERSION  —  10  MINUTES  PER  HOUR 


SPECIMEN  LOCATION  OF 


HOURS  TO  FAILURE 


STRESS  (9) 
FAILURE  POINT 

182,000  p«i 

172, 244  pti 

175,  913  pti 


Figure  V-19.  ALTERNATE  IMMERSION  STRESS  CORROSION 
RESULTS,  SMOOTH  BAR  (STEEL) 


Negative  No.  LQ-1088  Mag.  7.2 

Stress  Corrosion  Spec.  #SCS-3S 

Figure  V-20.  ALTERNATE  STRESS  CORROSION  SPECIMENS, 
SMOOTH  BAR  (STEEL) 
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Negative  No.  SQ-1365  Mag.  614X  Negative  No.  SQ-1366  Mag.  614X 
Specimen  No.  SCS-2S  -  Weld  Related  Cracking  at  Failure  Site 


Figure  V-22.  SECONDARY  CRACKING,  SPECIMEN  SCS-2S  (STEEL) 
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Figure  V-23.  WELD  FLAW  IN  TENSILE  SPECIMEN  ALT-25  (STEEL) 
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Figure  V~24.  HARDNESS  SURVEY  (1/2  INCH  STEEL  -  AS  WELDED) 
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Figure  V-25.  HARDNESS  SURVEY  (1/2  INCH  STEEL  -  HEAT  TREATED) 
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igure  V-26.  HARDNESS  SURVEY  (1/4  INCH  STEEL  -  AS  WELDED) 
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Figure  V-27.  HARDNESS  SURVEY  (1/4  INCH  STEEL  -  HEAT  TREATED) 
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C.  LASER  WELDS  IN  TITANIUM  ALLOY  (Ti  6  Al,  4V) 

As  noted  in  Section  III,  this  material  was  selected  for 
its  good  strength,  high  toughness  in  the  annealed  condition, 
and  broad  acceptance  throughout  the  aerospace  industry. 

1 .  Base  Metal  Characteristics 

The  material  came  from  five  separate  heats.  The  compo¬ 
sitions  are  listed  in  Table  V-6.  The  nominal  composition  of 
this  Alpha-Beta  .alloy  is  as  follows: 

C  N  Fe  A1  V  O  H 

.08  (max)  .05 (max)  .3 (max)  5. 5/6. 5  3. 5/4. 5  .2 (max)  .015 (max) 

The  material  was  procured  to  the  following  specification: 

MIL-T-9049 

The  ingot  was  produced  by  vacuum  arc  melting,  hot  rolling 
and  then  mill  annealing.  Detailed  mechanical  properties  are 
listed  in  Table  V-6. 

Some  variance  of  strength  was  observed  at  different  loca¬ 
tions  throughout  the  1/4  inch  plate.  The  strength  of  the  1/4 
inch  plate  was  6-11%  lower  than  the  other  thicknesses  but  is 
within  specification  limits. 

2.  Panel  Welding 

The  welding  set  up  tests  used  to  establish  the  proce¬ 
dures  employed  to  weld  the  titanium  alloy  panels  and  photo¬ 
graphs  of  the  resulting  development  welds  are  shown  in 
Appendix  E. 

Table  V-7  summarizes  the  titanium  alloy  test  panel  weld¬ 
ing  procedures  which  included  wirebrush  and  acetone  rinse  as 
a  pre-weld  cleaning  procedure.  Fig.  V-6  sets  forth  the  details 
of  shield  set-up.  Fig.  V-7  shows  the  tooling  that  was  used 
to  hold  the  panels  for  welding. 

The  quality  of  the  resulting  welded  test  panels  was  high 
(see  Fig.  V-5)  and  is  described  for  each  panel  in  Appendix  B. 
Appendix  B  reports  the  following  experimental  detail: 

Panel  Identification  Size  Orientation  &  Shape. 

Identification  Orientation  &  Location  of  Each 
Weld  in  the  Panel. 

Procedure  Details  for  each  Weld  in  the  Panel. 

Location  of  all  Non-Destructive  Indications  in 
Each  Weld. 
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ANALYSIS 

1  liOI’LRTlI.i 

Thickness 

Ingot 

Ingot 

Plate  1 

PPM 

Ult. 

.2%  Yld. 

Elong 

Inches 

Number 

C 

N 

re 

A1 

\f 

O 

11 

KSl 

KSl 

(%) 

Application  in  Program 

0.25 

704312 

.03 

.015 

.  16 

6.4 

4.  1 

.172 

81 

See  Below  Note  2  and  3 

All  Mech.  Tests 

0.375 

295561 

.02 

.01 

.2 

6.1 

4.0 

.  126 

66 

I-I38. ! 
T-147.9 

L- 1 30 . 2 
T-141  .3 

14.0 

14.0 

All  Mech .  Tests 

0.500 

900705 

.02 

.011 

.2 

6.5 

4.  1 

.  153 

62 

L-149.5 

T-155.2 

L-139.  1 
T-M6.5 

15.0 

17.0 

0 . 5  in  Fatigue  Tests 

0,500 

000770 

.01 

.013 

.  17 

6.4 

4.0 

.  174 

48 

L-155.8 

T-156.6 

L-144.9 

T-144.6 

14.0 

14.0 

All  Other  0 . 5  in  Tests 

0.750 

800807 

.02 

.012 

.2 

6.5 

4.1 

.  168 

61 

L-M6.4 

T-155.6 

L-135.9 

T-145.6 

12.0 

14.0 

Not  Used  in  Mech.  Tests 

!.  All  plate  except  0.25  Inch  production  annealed  MSO^F,  15  min. 
air  cooled  and  checked  for  surface  contamination. 

2,  0.25  inch  plate  properties  reported  as:  IJlt  L~153 , 2^  153.7  .  yield  L*  Lj  S .  4^  1 45^9  .  {;ionq  liT-Ll  0 

T- 154. 0/1 57. 6  T-147.2  151.5  T- 10. 0/1 1.0 

3.  0.25  Inch  plate  production  annealed  (1450'^F)  for  1  hour  instead  of  15  min. 


Table  V-6.  COMPOSITIONS  &  PROPERTIES  OF  TITANIUM 
MATERIAL  TESTED  IN  PROGRAM 


PANEL  THICKNESS  | 

Welding  Parameters 

\/A  inch 

3/S  Inch 

1/2  Inch 

Power,  Beam 

10.0 

16.0 

14.9 

On  Work  (kW) 

7.0 

11.2 

13.2 

Process  Speed  (1pm) 

100 

70 

30 

OPTICS  (F/No) 

7 

Same 

21 

Focal  Distance  (in.) 

28-1/8 

Same 

32.5 

Surface  Preparation 

Deburr,  Wirebrush 

Same 

Same 

Rinse  w/Acetone 

Shielding  Gas  (Type/CFH) 

let 

Helium  /  100 

Same 

Same 

Trailer  Hood 

Argon  /  25 

Same 

Same 

Underbead 

Helium  /  10* 

Same 

Same 

Shield  Position 

Set  Back  (in.) 

7/16 

Same 

3/8 

Lift  Off  (in.) 

0.04 

0.04  ** 

0.04 

Gap 

002* 

Same 

Same 

Mismatch 

005* 

Same 

Same 

Tooling 

Figure  V-7 

Same 

Same 

Filler  Wire 

Not  Used 

Same 

Same 

*  Unless  noted  for  a  specific  panel  in  Appendix  D. 


**  In  some  panels,  surface  height  varied  0.062  inches  such  that  hood  lift-off 
approached  0.1  Inches.  This  is  excessive  at  the  nominal  25  CFH  flow  rate 
but  appeared  to  be  acceptable  if  flow  rate  was  raised  to  50  -  60  CFH. 

Table  V-7.  TITANIUM  ALLOY  WELDING  PROCEDURES 
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Location  of  Test  Specimen  Coupons  in  Each  Weld. 

Relationship  between  NDT  Indications  and  Test 
Specimen  Location. 

3.  Welding  Characteristics 

Behavior  during  welding  that  sets  the  titanium  alloy 
apart  from  other  program  materials  was  noted  throughout  the 
program  and  is  summarized  here. 

The  titanixim  alloy  used  in  these  tests  was  the  second 
most  weldable  of  all  program  materials.  Procedures  were 
readily  established  in  all  program  test  plate  thicknesses 
(1/4,  3/8  and  1/2  inches) .  The  metal  utilizes  laser 
energy  as  efficiently  as  any  other  material  in  the  program.  It 
exhibited,  with  low  alloy  steel,  the  greatest  penetrability  ob¬ 
served  in  the  program  -  0.6  inches.  Characteristically,  titanium 
alloy  welds  have  a  distinct  wine  glass  shape  with  a  broad  top 
and  underbead. 

As  noted  in  the  NDT  overview  section,  welds  of  high 
quality  were  easily  obtained.  However,  shielding  must  be 
carefully  controlled.  For  example,  variances  in  the  per¬ 
formance  of  a  jet,  used  to  control  the  plasma  from  the  beam- 
plate  interaction,  apparently  caused  a  centerline  porosity 
condition  at  several  locations  in  the  final  1/2  inch  test 
plates  (Fig.  V-28) .  Similar  jet-trailer  shields  were  used 
successfully  on  over  100  inches  of  weld  prior  to  this 
incident.  Additionally,  the  variable  jet  performance  caused 
the  upper  rim  of  the  cavity  to  be  exposed  to  air.  This  re¬ 
sulted  in  a  shallow  line  of  contaminated  material  just  below 
the  edge  of  the  upper  bead.  As  noted  in  Section  IV,  full 
hood  shielding  is  recommended  for  most  titanium  welding. 

The  final  quarter  inch  fatigue  tests  were  run  in  this  manner. 

4.  Specimen  Preparation 

Once  titanium  alloy  panel  weldments  were  completed  at 
the  AVCO  Everett  Research  Laboratories,  Everett,  Massachusetts, 
they  were  identified  and  shipped  to  the  Long  Beach,  California 
plant  of  the  Douglas  Aircraft  Corporation  for  weld  evaluation. 

At  that  site,  the  following  steps  were  implemented  in  proces¬ 
sing  the  material  from  this  welded  panel  form  to  finished  test 
specimens: 
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Figure  V-28.  CENTERLINE  POROSITY,  FROM  IMPROPER  SHIELD  (TITANIUM) 


Receive  test  panels 

Non-destructive  evaluation,  welded  plates  only 
Specimen  location  and  layout  in  areas  with  no 
NDT  indications 

Remove  coupons  from  plates  (band  saw) 

Stress  relieve  for  60  minutes  at  1050°F,  AC. 

Check  and  straighten 

Machine  to  finish  dimensions  (3/8  inch  specimens 
had  both  beads  removed) 

Some  straightening  was  done  after  the  heat  treat¬ 
ment  cycle  resulting  in  the  breakage  of  one  1/2 
inch  specimen. 

Inspect 

During  the  process  of  specimen  fabrication,  one  1/2  inch 
thick  titanium  test  coupon  failed  during  the  check  and  straight¬ 
ening  operation.  Fractographic  examination  of  this  specimen 
has  revealed  that  the  failure  initiated  in  the  weld  at  the 
fusion  line.  The  point  of  origin  was  found  to  be  in  a  small 
zone  of  embrittled  weld  metal.  The  remainder  of  the  weld 
was  found  to  have  failed  in  a  ductile  manner.  Fig.  V-29  is 
a  macrograph  showing  the  face  of  the  fracture. 

Figures  V-30  and  V-31  are  electron  micrographs  showing 
the  detail  of  characteristics  of  fracture  in  the  various  zones. 

It  is  apparent  that  a  small  portion  of  the  weld  and  adjacent  base 
metal,  at  the  fusion  line,  was  embrittled  by  some  type  of  con¬ 
tamination. 

Close  examination  of  the  titanium  weld  faces  revealed  that 
the  edges  close  to  the  weld  (top  face  only)  were  badly  dis¬ 
colored  in  a  fashion  usually  associated  with  contaminated 
inert  gas  shielding.  Except  for  this  characteristic,  the 
welds  would  be  considered  in  compliance  with  most  requirements 
for  coloration  after  welding. 

A  length  of  1/2  inch  thick  titanium  weld  was  broken 
across  the  weld  to  permit  a  cross-sectional  view  of  the 
affected  area.  Fig.  V-32  is  a  macrograph  of  the  fracture 
face  of  this  specimen.  The  embrittled  zones  can  be  seen 
at  the  edges  of  the  weld. 

A  1/4  inch  thick  titanium  weld  was  also  broken  in  the 
same  fashion  to  determine  whether  the  width  of  the  weld  was 
a  factor  involved  in  the  embrittlement.  Fig.  V-33  is  a 
macrograph  of  the  face  of  the  1/4  inch  thick  titanium  weld 
near  the  fracture.  The  discoloration  of  the  edges  of  the 
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edges  of  the  weld  bead  can  be  seen.  Fig.  V-34  is  a  macro¬ 
graph  of  the  1/2  inch  thick  titaniiam  weld.  In  addition  to 
the  discoloration  at  the  fusion  line,  cracking  can  be  seen 
in  the  embrittled  zone. 

Figures  V-35  and  V-36  are  electron  micrographs  showing 
the  top  edge  of  the  fracture  faces  of  both  1/4  inch  and  1/2 
inch  thick  specimens  at  the  embrittled  zone.  In  the  case  of 
the  1/4  inch  thick  specimen,  the  brittle  cleavage  type  fail¬ 
ure  can  be  seen  surrounded  by  the  more  desirable  dimple 
rupture  type  of  failure  mode.  The  arrow  indicates  the 
embrittled  zone. 

Based  on  these  observations,  it  was  concluded  that  the 
jet  flow  of  inert  gas  did  not  provide  a  suitable  inert  gas 
shield  for  titanivim  weld  puddles.  Because  of  the  relatively 
high  speed  of  welding,  effectiveness  of  the  trailer  shield, 
and  the  small  amounts  of  contaminants,  the  effects  have  not 
been  apparent  in  the  body  of  the  weld.  However,  at  the  edges 
of  the  weld,  a  relatively  small  quantity  of  metal  is  melted, 
exposed  to  the  contaminants,  and  solidified  before  shielding 
is  provided  by  the  trailer  shield.  It  is  believed  that  the 
relatively  slow  solidification  of  the  large  bulk  of  the  weld 
metal  in  the  effective  trailer  shield  atmosphere  is  sufficient 
to  permit  dispersion  of  the  contaminants. 

This  investigation  has  indicated  that  this  embrittlement 
zone  extends  to  0.020  inch  in  depth  for  the  1/2  inch  thick 
specimens  and  less  than  0.002  inch  for  the  1/4  inch  thick 
welds.  In  order  to  avoid  the  possible  effects  of  this 
embrittlement,  a  minimvim  of  0.020  inches  was  removed  by  mach¬ 
ining  from  the  affected  surfaces  of  all  1/2  inch  titanium  test 
specimens.  It  was  believed  that  the  small  amount  detected  in 
the  1/4  inch  thick  specimen  should  be  eliminated  by  the  normal 
processing  and  no  special  rework  was  applied  to  these  spoci- 
ments . 

Representative  titanium  welds  of  both  thicknesses  were 
chemically  analyzed  to  determine  the  level  of  oxygen  and 
nitrogen  content.  An  analysis  was  carried  out  to  determine 
whether  the  contamination  significantly  affected  the  com¬ 
position  of  the  weld  bead.  No  significant  indication  was 
discovered.  Results  obtained  are  as  follows; 

1/2"  Weld  #243B  0.189%  Oxygen,  0.14%  Nitrogen 

1/2  "  Base  Metal  0.187%  Oxygen,  0.11%  Nitrogen 
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1/4”  Weld  #90C 
1/4"  Base  Metal 


0.182%  Oxygen,  0.14%  Nitrogen 
0.172%  Oxygen,  0.14%  Nitrogen 


It  was  concluded  that  the  contamination  was  limited  in  quantity 
but  was  concentrated  in  the  embrittled  zones . 

Microscopic  examination  of  a  representative  section  of 
the  1/4  inch  thick  titanium  fatigue  specimen  revealed  no 
evidence  of  alpha  case  or  machining  tears  in  either  the  "as 
received"  or  machined  surfaces.  Microhardness  was  also  used 
in  an  effort  to  detect  the  hardening  expected  with  atmospheric 
contamination  detected  at  the  fusion  line  of  the  titanium 
welds.  No  evidence  of  hardness  increase  in  this  zone  was 
detected  (see  microhardness  test  results) . 

Visual  examination  of  the  titanium  material,  welded  using 
revised  shielding  techniques  to  eliminate  the  apparent  atmos¬ 
pheric  contamination  observed  on  previous  specimen  material, 
showed  significant  improvement. 

5.  Mechanical  Behavior 


As  a  final  task  in  the  program,  titanium  alloy  weld 
specimens  were  subjected  to  the  following  tests: 

Tensile  (including  tests  of  repaired  welds) 

Axial  Fatigue  Tests 
Fracture  Toughness  K^c 
Notched  Stress  Corrosion  Kiscc 
Smooth  Bar  Stress  Corrosion  Alternate  Sea  Water 
Immersion 
Microhardness 

Each  of  these  tests  are  described  in  the  following  sec¬ 
tions  in  ternis  of: 

Test  Procedure 
Test  Objective 
Results 

a.  Tensile  Tests 

Tensile  specimens  containing  welds  (with  the  reinforcement 
left  on)  never  exhibited  less  than  98.7%  of  the  strength  of  the 
base  metal. 


1 

J, 


Note;  Arrow  indicates  brittle  region  at  top  edce. 


Neg.  No.  LQ-746  Mag.  6.1X 

Specimen  #FTW-9T 


Figure  V-29.  FRACTURED  FACE  OF  SPECIMEN  THAT 
FAILED  IN  STRAIGHTENING  (TITANIUM) 
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Figure  V-3 1 .  DUCTILE  FRACTURE , 

SPECIMEN  FTW-9T  (TITANIUM) 


Figure  V-30.  BRITTLE  FRACTURE, 

SPECIMEN  FTW-9T  (TITANIUM) 


Figure  V-32.  TRANSVERSE  BREAK  IN  FWT-9T  (TITANIUM) 


DISCOLORATION  BESIDE  BEAD  IN  BROKEN 
1/4  INCH  TITANIUM  WELD 


Figure  V-33 


Figure  V-34.  DISCOLORATION  BESIDE  BEAD  IN 
SPECIMEN  FWT-9T  (1/2  INCH) 


ELECTRON  MICROGRAPH 
TOP  EDGE 
SPECIMEN  FWT-9T 


ELECTRON  MICROGRAPH,  Figure  V-36 
TOP  EDGE 

1/4  FRACTURE  SPECIMEN 


Figure  V-3S 


ULTIMATE  TENSILE  STRENGTH 

riELO  strength 

ELONGATION  (2"  GAGE  LENGTH) 
ELONGATION  (I*  GAGE  LENGTH) 


STRESS  RELIEVED  1025*  F  FOR  60  MINUTES 
REINFORCEMENT  LEFT  ON  (  EXCEPT  S/#"  DATA  ) 

♦  FULL  HOOO  SHIELDING.  ALL  OTHERS  UET  TRAILER 


LONGITUDINAL 


TRANSVERSE 


Figure  V-3:'.  TENSILE  RESULTS  (TITANIUM) 


TRANSVERSE  | 

1  LONGITUDMAL 

BASE 

METAL 

Procedure .  The  transverse  tensile  weld  specimens  were 
designed  to  place  the  maximvim  length  of  laser  welded  joint 
under  test.  This  amount  was  limited  by  available  testing 
machine  capacity  and  the  length  of  specimens  that  could  be 
removed  from  the  weld  test  panel.  The  width  of  the  gauge  sec¬ 
tion  of  the  longitudinal  samples  was  also  selected,  within  the 
above  constraints,  to  provide  the  maximum  amount  of  wrought 
metal  on  either  side  of  the  fused  metal  plus  heat  affected  zone 
of  the  weld.  This  practice  makes  for  easier  delineation  of  the 
relative  ductility  of  the  three  elements  of  a  weld (cast  metal, 
heated  metal,  or  supporting  base  metal.) 

The  selected  gauge  sections  for  longitudinal  and  trans¬ 
verse  specimens  were: 

1/4  inch  thick  x  0,75  inch 
3/8  inch  thick  x  0.75  inch 
1/2  inch  thick  x  1.00  inch 

Specimen  designs  are  listed  in  Appendix  E. 

The  testing  equipment  employed  on  the  1/2  inch  thickness 
was  a  400,000  pound  Tinius  Olson  equipped  with  extensometers, 
a  similar  machine  with  120,000  pound  capacity  was  used  on 
3/8  inch  material. The  1/4  inch  tests  were  run  on  a  60,000 
Baldwin  tensile  testing  machine. 

Base  metal  test  specimen  designs  followed  similar  prin¬ 
ciples.  Tests  were  made  parallel  to  the  rolling  direction  and 
transverse  to  the  rolling  direction. 

The  objective  of  these  tests  was  to  determine  the  weld 
joint” efficiency  of  heat-treated  welds  in  transverse  tension 
with  the  crown  and  root  intact  (except  for  the  crown  and 
root  of  3/8  inch  welds) .  Additionally,  longitudinal  test 
welds  were  broken  and  examined  after  testing  to  determine 
whether  the  weld,  the  heat-affected  zone,  or  the  base  metal 
was  the  least  ductile  portion  of  the  joint. 

The  resulting  tensile  yield  strength  and  elongation 
values  show  that  the  weld  performed  much  like  the  base  metal. 
Table  V-8  and  Fig.  V-37  weld  strengths  ranged  from  155  -  159 
KSl  ULT.  Joint  efficiencies  exceeded  98.7%  in  all  cases. 
Occasionally,  the  reinforcement  caused  joint  strength  to 
exceed  base  metal  strength.  Failure  in  most  transverse 
welds  was  in  the  weld.  However,  two  specimens  broke  out- 
j  side  of  the  weld. 
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SPECIMEN  1 

ELONGATION 

(%) 

ULTIMATE  STRENGTH  (psi)  1 

Thick 

Description 

Ident. 

(1") 

Weld* 

(2") 

Tensile 

Yield 

1/4" 

Transverse 

TTB-IT 

23.6 

13.1 

160.266 

144.649 

Base  Metal 

TTB-2T 

21.0 

13.3 

161.971 

148.669 

Longitudinal 

LTB-IT 

24.0 

13.2 

151.589 

144.254 

Base  Metal 

LTB-2T 

22.1 

13.3 

152.343 

145.263 

Transverse 

Welded 

ATT- IT 

4.5 

1.5 

156.366 

153.987 

ATT-2T 

5.0 

1.3 

156.347 

156.154 

ATT-3T 

4.7 

.8 

155.879 

155.651 

Longitudinal 

Welded 

ALT- IT 

11.7 

5.6 

7.6 

158.000 

149.110 

ALT-2T 

6.4 

8.3 

159.058 

148.246 

ALT-3T 

4.6 

6.5 

159.381 

142.436 

3/8" 

Transverse 

ATT-4T 

138.200 

Welded 

19.0 

11.0 

134.600** 

1/2" 

Transverse 

TTB-5T 

22.1 

13.3 

152.958 

146.439 

Base  Metal 

TTB-6T 

22.5 

15.0 

153.740 

150.602 

Longitudinal 

LTB-5T 

22.5 

14.6 

154.603 

148.297 

Base  Metal 

LTB-6T 

21.8 

13.5 

153.232 

149.738 

Transverse 

ATT-7T 

25.0 

13.3 

157.165 

148.158** 

Welded 

ATT-8T 

11.0 

8.2 

157.476 

146.852 

ATT-9T 

24.5 

13.7 

156.811 

147.497** 

Longitudinal 

Welded 

ALT-7T 

16.1 

7.8 

9.5 

157.987 

148.548 

ALT-8T 

20.8 

10.5 

12.0 

157.858 

147.854 

ALT-9 T 

19.8 

10.1 

12.0 

159.115 

148.052 

*  Measurement  of  weld  metal  ductility  when  supported  by  the  base  metal  and  forced  to 
yield  at  the  same  rate  as  the  base  metal.  This  determination  of  ductility  is  not 
affected  by  base  metal  weld  strength  differences.  See  Sketch. 

**  Base  metal  failure. 
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Table  V-8.  TITANIUM  ALLOY  TENSILE  RESULTS 


Much  of  the  plastic  strain  was  absorbed  by  the  relatively 
narrow  welds.  Therefore,  elongation  measured  over  two  inches 
appeared  to  be  low.  When  a  one  inch  length  was  used,  it 
increased  the  volumetric  influence  of  the  strain-absorbing 
characteristics  of  the  weld.  The  elongation  values  based  on 
a  one  inch  gauge  length  in  1/2  inch  welds  approached  those  of 
the  base  metal  specimens  (i.e.,  21-24%  for  base  metal  vs. 

13-24%  for  welds)  .  The  ductility  of  the  1/4  inch  welds  was 
considerably  lower  (5-11%)  suggesting  a  proportionally 
greater  effect  from  the  bands  of  contamination  discussed 
under  the  section  on  titanium  alloy  weldability. 

An  analysis  of  the  broken  longitudinal  welded  speci¬ 
mens  (Table  V-8)  showed  that  the  weld  had  taken  nearly  as 
much  strain  as  the  heat  affected  zone  or  the  base  metal. 

Weld  failure  and  the  adjacent  fracture  faces  showed  a  duc¬ 
tile  mode  except  where  the  zones  of  contamination  existed 
on  welds  that  had  been  shielded  by  a  jet  trailer  with  an 
erratic  jet. 

b.  Axial  Fatigue  Tests 

Welded  fatigue  specimens  equalled  base  metal  performance 
in  tliese  tests  on  titanium  alloy. 

Procedure.  The  transverse  axial  fatigue  specimens  were 
designed  to  place  the  maximum  amount  of  laser  weld  under  test. 
This  amount  was  limited  by  available  testing  machine  capacity 
and  the  length  of  specimens  that  could  be  removed  from  the  weld 
test  panel.  The  selected  gauge  sections  were: 

1/4  inch  thick  x  0.75  inch  wide 

1/2  inch  thick  x  1.00  inch  wide 

Specimen  designs  are  listed  in  Appendix  E. 

The  testing  equipment  employed  was  a  165  KIP  capacity 
electrohydraulic  fatigue  machine  using  MTS  pre-aligned  mech¬ 
anical  grips.  Testing  was  conducted  at  a  minimum/maximum 
stress  ratio  of  0.1  and  at  a  frequency  of  3  hertz. 

The  objectives  of  this  limited  testing  program  were  to: 

1)  Compare  base  metal  and  laser  weld  performance. 

2)  Reveal  defects  that  were  not  detected  by  prior 
non-destructive  examination  and  consider  the 
implications  in  terms  of  process  control. 
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The  determination  of  a  definitive  endurance  limit  for  either 
base  metal  or  welds  was  not  attempted.  Some  reference  data 
is  shown  for  comparison. 

The  results  are  shown  in  Fig.  V-38.  Table  V-9  lists 
stress  and  time  to  failure  and  correlates  these  with  post¬ 
test  obser^^ation  of  the  fracture  face.  The  principle 
observation  is  that  the  welds  can  be  almost  as  strong  as 
the  base  metal  in  axial  fatigue.  Both  weld  and  base  metal 
exhibited  strengths  slightly  lower  than  comparative  data 
for  wrought  material.  Since  the  base  metal  followed  this 
trend,  as  well  as  the  welds,  it  appears  that  the  relation¬ 
ship  between  the  reference  data  and  the  data  from  this 
program  does  not  come  about  as  a  result  of  the  act  of  weld¬ 
ing  with  a  laser  (i.e.,  the  laser  has  no  unusual  effect  on 
weld  performance)  . 

Failure  site  observation  indicates  that  internal 
pores  (Fig.  V-38a)  had  little  influence  on  fatigue  behav¬ 
ior.  For  example,  the  specimen  shown  in  Fig.  V-38a  tested 
in  the  upper  region  of  the  data  band  of  Fig.  V-38.  The 
effect  of  a  shallow  surface  crack  (Fig.  V-38b)  is  much  more 
serious.  Normally,  the  50  KSI  stress  level  on  the  specimen 
in  Fig.  V-38b  would  have  resulted  in  a  run  out.  All  fracture 
faces  are  shown  at  a  lower  magnification  in  Figures  V-39 
and  V-40. 

c.  Fracture  Testing 

Laser  welds  in  titanium  performed  better  than  the  base 
metal  in  fracture  testing.  A  comparison  between  the  laser 
weld  data  (Kq)  and  handbook  data  (Kic)  suggests  an  equiva¬ 
lence  in  toughness. 

Test  Procedure.  Tests  were  conducted  and  evaluated  in 
accordance  with  ASTM  E  399-74.  The  specimen  configuration 
is  described  in  VC  008251  in  Appendix  E.  ASTM  E  399-74  re¬ 
quires  that  the  pre-crack  front  be  essentially  flat  upon 
post- test  examinations  (e.g.  that  crack  front  measurements 
L2  3  4  in  the  sketch  on  Table  V-10  not  vary  more  than  5%)  . 

Fig.  V-41  shows  the  profile  of  the  fracture  faces  of  the 
specimens.  The  crack  front  profiles  do  not  meet  the  ASTM  E  399-74 
criteria.  This  limited  analysis  to  a  determination  of  KQ,  the 


stress  intensity  at  the  tip  of  the  crack.  Under  these  condi¬ 
tions,  Kq  is  slightly  higher  than  the  value  would  have 
been.  Table  V-10  shows  how  the  stress  intensity  factor  at 
the  tip  of  each  crack  (Kq)  was  determined  from  the  crack  front 
dimensions.  For  information,  the  Kmax  fatigue  loads  are  also 
shown  in  Table  V-10. 

The  equipment  used  for  pre-cracking  was  a  Krause  lever 
arm  fatigue  testing  machine.  Crack  growth  was  monitored  by 
a  16X  optical  scope.  The  pre-crack  specimen  was  then  placed 
in  a  Riehle  30,000  pound  machine  equipped  with  an  MTS  com¬ 
pliance  gauge.  The  notch  and  crack  were  centered  in  the  fused 
portion  of  the  weld  cross  section  on  the  welded  samples. 

The  objective  of  these  tests  was  to  compare  the  toughness 
of  base  metal  with  the  toughness  of  a  laser  weld. 

The  results  of  the  stress  intensity  (Kq)  calculations 
for  welds,  are  plotted  with  respect  to  the  base  metal  perform¬ 
ance  in  Fig.  V-42.  Available  handbook  data  for  the  same  alloy 
is  also  shown.  The  handbook  data  is  in  terms  of  Kj^q.  The 
stress  intensity  which  the  weld  withstood  is  greater  than  that 
of  the  base  metal  from  which  the  weld  was  made  and  is  also 
quite  attractive  when  compared  to  the  reference  (Kj^q)  data. 

d.  Notched  Stress  Corrosion  Test  (KiSCC) 

The  threshold  stress  intensity  for  stress  corrosion  to 
occur  (Kj^sqc)  in  titanium  alloy  welds  appeared  to  be  40%  of  the 
Kq  value.  This  is  considered  a  normal  relationship  between 
weld  and  base  metal.  Certainly  the  laser  did  nothing  to  in¬ 
crease  the  sensitivity  of  the  weld  to  stress  corrosion. 

ProOedure.  There  is  no  established  test  method  for 
notched  stress  corrosion.  Therefore,  test  specimens  were 
pre-cracked  and  evaluated  essentially  in  accordance  with 
ASTM-E  399-74  which  generally  describes  fracture  toughness 
testing.  The  specimen  configuration  is  VC  008951  described 
in  Appendix  E,  and  is  identical  to  that  used  for  fracture 
toughness  determination. 

Table  V-11  indicates  the  method  of  determining  the  stress 
intensity  Kq  for  each  specimen.  Fig.  V-41  shows  the  failed 
specimens  and  crack  profile.  Fig.  V-42  relates  stress  intensity 


Specimen 


Stress 

Cycles  to 

Thk.  Condition 

Ident, 

KSl 

Failure 

1/4"  '  Bate 

B-1 

120 

6x10^ 

Metal 

B-2 

110 

3x10^ 

B-3 

110 

2.7x10^ 

Welded 

W-1 

110 

l.SxlO^ 

W-2 

110 

6x10^ 

W-3 

90 

lxl0< 

W-4 

90 

3.9x10^ 

W-5 

70 

4.4x10^ 

W-6 

SO 

3. 6x10® 

W-13 

80 

2.Sx105 

W-14 

80 

S.3xl0S 

W-15 

60 

1.7x106 

W-16 

60 

6.9x10^ 

1/2”  Bate 

B-4 

80 

S.7xl0^ 

Metal 

B-5 

70 

1.2x105 

B-6 

70 

1.2x105 

Welded 

W-8 

70 

1.39x105 

W-10 

80 

6.5x10^ 

W-11 

60 

6.17x105 

W-12 

70 

l.lxloS 

W-7 

SO 

S.SxlO* 

W-7 

80 

4.7x10^ 

Type  of  Defect  at  Origin 


Post  Test  Examination 

I  Initiation  Point 


Table  V-9.  TITANIUM  ALLOY  AXIAL  TENSION 
FATIGUE  RESULTS 
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Figure  V-38.  AXIAL  TENSION  FATIGUE  RESULTS  (TITANIUM) 


Negative  No.  SQ-1176 


Mag.  327X 


Figure  V-38-a.  FAILURE  INITIATION  SITE,  SPECIMEN  W-4 
(PORES  -  TITANIUM) 


Negative  No.  SQ-1181  Mag.  300X 


Figure  V-38-b.  FAILURE  INITIATION  SITE,  SPECIMAN 
W-6  (CRACK  -  TITANIUM) 
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Mag .  4 . 5X 


Negative  No.  LQ-1078 

Top:  Specimen  FTW-2T 

Bottom:  Specimen  FTW-2T 


Negative  LQ-1079 


Mag.  4.5X 


Top:  Specimen  FTW-3T 

Bottom:  Specimen  FTW-4T 


Figure  V-39.  FATIGUE  TEST  SPECIMENS  (1/4  INCH  TITANIUM) 


V-66 


Specimen  FTW-IOT 
Specimen  FTW-12T 


Top: 

Bottom 


Figure  V-40.  FATIGUE  TEST  SPECIMENS  {1/2  INCH  TITANIUM) 


to  time  of  failure.  Therefore,  Fig.  V-42  indicates  the 
threshold  value  of  stress  intensity  below  which,  (in  spite 
of  the  presence  of  salt  water)  a  defect  such  as  a  crack 
would  not  be  expected  to  progress.  The  value  has 

been  calculated  and  is  shown  in  Table  V-11  for  information. 

The  equipment  used  for  both  pre-cracking  and  final 
fracture  was  a  Krause  lever  arm  fatigue  tester.  Crack  growth 
was  monitored  by  an  auto-collimator  at  16X.  Final  breakage 
was  accomplished  by  manually  applying  pre-load  through  a  load 
cell.  The  load  cell  output  was  monitored  by  cathode  ray  tube 
and  adjustments  made  as  needed.  The  corrosive  media  was  sub¬ 
stitute  sea-water  (ASTM  1141-52,  pH  7. 8-8. 2  ,  specific  gravity 
1.02  -  1.03).  The  solution  is  fed  to  the  crack  through  a 
gause  wick. 

The  objectives  of  this  teat  were  to  ron^are  the  tougtuicse 
of  laser  welds  to  the  toughness  of  the  base  metal  under  cor¬ 
rosive  conditions. 

The  test  results  in  Fig.  V-42  suggest  that  the  stress 
intensity  threshold,  termed  K]^scc»  19.7  KSl  in.  for  titanium 
alloy  welds. 

Electron  microscopic  examination  (Fig.  V-43)  of  the 
fracture  face  of  a  typical  titanium  weld  specimen  (SCK-6T) 
indicates  a  characteristic  flat-cleavage,  transgranular 
stress  corrosion  failure  mode.  The  presence  of  this  mode 
supports  the  validity  of  the  above  value. 

e.  Microhardness  Examination 

As-welded  hardness  approximated  base  metal  hardness.  The 
limited  contamination  described  under  the  welding  subsection 
was  not  detectable. 

The  test  procedure  employed  a  Knoop  Microhardness  tester. 
Hardness  impressions  were  uniformly  spaced  0.014  inches  apart. 

Test  objective  -  These  tests  sought  to  verify  as-welded 
hardness  to  assure  freedom  from  gross  contamination. 

Test  results  -  Microhardness  surveys  of  the  weld  metal 
and  heat-affected  zones  of  selected,  representative  sections 
of  laser  welds  were  made.  These  are  shown  in  Figures  V-46, 
V-47,  V-48  and  V-49.  Variations  in  or  near  the  weld  may 
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represent  the  effect  of  cast  structures  as  opposed  to 
wrought  structures.  There  is  no  clear  indication  of  con¬ 
tamination  throughout  the  weld  or  alongside  the  bead  - 
although  contamination  was  observed  metal lographically  on 
some  specimens  that  broke  in  straightening. 

D.  LASER  WELDS  IN  NICKEL  BASE  ALLOY 

As  noted  in  Section  III,  this  material  was  selected  as 
representative  of  the  age  hardenable,  high  temperature  alloys 
with  good  weldability. 

1.  Base  Metal  Characteristics 

The  trade  name  of  the  alloy  is  Inco  718.  The  material 
for  the  program  was  procured  from  the  Stellite  Division  of 
the  Cabot  Corporation  as  AMS  5596.  The  supplier  refers  to 
the  material  as  Haynes  Alloy  No.  718.  The  nominal  compo¬ 
sition  (%)  is: 

Cr  C  Si  Co  Ni+Co  Mn  Cb+Ta  Mo  P&S  Al  Ti  B  Cu 

Min:  17  -  -  -  50.0  -  4.75  2.80  -  .2  .65  - 

mx:  21.08  .35  1.00  55.0  .35  5.50  3.30  .35  .8  1.15  .006  .3 

The  program  material  represented  six  heats.  The  compo¬ 
sition  of  each  heat  is  given  in  Table  V-12.  The  required' 
tensile  properties  of  the  material  as  received  from  the 


supplier  are; 

Uti. 

Yld. 

Elong. 

Solution  Treated 

150  KSI 

90  KSI 

30% 

Precipitation 
Hardened  1200°F 

145  KSI 

120  KSI 

5% 

The  material  should 

not  rupture  in  less 

than  23  hours  when 

loaded  at  1200°F  to  100  KSI  and  should  elongate  at  least 
at  rupture.  All  heats  met  this  requirement.  Table  V-13 
lists  the  test  results  by  heat. 
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CRACK  FRONT  DIEMNSIONS.  INCHES' 


CATASTROPHIC  FAILURE 


5590 


5876 


5906 


5486 


5940 


5880 


6062 


5550 


5816 


NOTE:  Testing  and  calculatlcns  performed  in  accordance  with  ASTM  specification  E399-*74 


See  sketch  of  specimen  dimension 


Calculation; 


[f  (a/w)) 


[Ultimate  Load)  W 
B  (W-L)  3/2 


Calculation: 


Pre-crack  front  not  in  compliance  with  ASTM  requirements 
for  valid  test.  (Variation  of  crack  front  measurements 

more  than  5%  of  L 2  2  4)* 


Table  V-10.  TITANIUM  FRACTURE  TOUGHNESS  RESULTS 


Left:  Specimen  FAW-4T 
Middle:  Specimen  FAW-5T 
Right:  Specimen  FAW-6T 


Figure  V-41.  WELD  TOUGHNESS  SPECIMENS  (TITANIUM) 


Type 

Ident. 

No. 

Thickness 

Inches 

®  1,  2,  3 

Depth* 

Inches 

W  1,  2 

Base 

Nletal 

FBM-4T 

.4968 

1.0016 

FBM-5T 

.4970 

1.0016 

FBM-6T 

.4971 

1.0020 

Welded 

FA  /-4T 

.4967 

1.0020 

FAW-5T 

.4970 

1.0008 

FAW-6T 

.4965 

1.0020 

* 

• -  If  - aj  PU-CMCX  PK 

j*: 

t 

m  1  — ■  r  ■  -m 

SCATTER  BAND  TREND  LINES 
FOR  6AL>4V  TITANIUM  FROM 
MIL-H0BK-697A 


Idont . 

No. 

Thickness 

(Inches) 

Depth 

(Inches) 

CRACK  FRONT  DIMnNSIONS 

*^Max 

Load 

(lbs.) 

Life 

Minutes 

L  1 

B 

B 

B 

B 

L2 , 3 , 4 

3CK4-T 

0.489 

1.001 

.555 

.587 

.588 

.577 

.543 

.584 

27.0 

1000 

28.4 

15 

3CK5-T 

0.497 

0.999 

.  544 

.564 

.578 

.578 

.551 

.  573 

27.1 

750 

21.4 

745 

SCK6-T 

0.496 

0.999 

.  557 

.  586 

.59*. 

.587 

.565 

.  589 

27.7 

600 

17.5 

2880 

SCK6-T 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

675 

19.7 

2780 

Table  V-11 .  TITANIUM  ALLOY  NOTCHED 
STRESS  CORROSION  RESULTS 


Negative  No.  LR-437 


Mag.  2X 


Left  Specimen  —  SCK-4T 
Center  Specimen  — SCK-5T 
Right  Specimen  -  SCK-5T 


Figure  V-43.  NOTCHED  STRESS  CORROSION  SPECIMENS  (TITANIUM) 
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STRESS  INTENSITY  FOR  FAILURE  Kti  Vm* 


1 


6AL-4V  TITANIUM 


Kisec  “  I9.7 


TIME  -  MINUTES 


Figure  V-44.  NOTCHED  STRESS  CORROSION  RESULTS  (TITANIUM) 


Figure  V-45.  STRESS  CORROSION  FAILURE  MODE  (TITANIUM) 
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RDNESS 


LASER  WELD  No.  91 A 


1/4“  6AL.-  4V 
TITANIUM 

• 

BASE  METAL 

INCHES 


Figure  V-46.  HARDNESS  SURVEY  (1/4  INCH  TITANIUM) 


■  WELD  METAL 


90 


LASER  WELD  No.  900 , 

l/4"«AL.-  4V 
TITANIUM 


•••  ••••,••* 


•ASC  METAL 


INCHES 

Figure  V-47.  HARDNESS  SURVEY  (1/4  INCH  TITANIUM) 
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soo 


400i 
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Figure  V-48.  HARDNESS  SURVEY  (1/2  INCH  TITANIUM) 
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Figure  V-49.  HARDNESS  SURVEY  (1/2  INCH  TITANIUM) 
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ROCKWELL  "C"  ROCKWELL 


Thlcknate 

(Inchei) 

Heat  No. 
2180-3 

ANALYSIS  {%) 

Cr 

C 

SI 

Co 

N1 

Mn 

Cb+Ta 

Mo 

(P&S) 

A1 

T1 

B 

Cu 

0.2S0 

9427 

18.00 

.055 

<•02 

.04 

52.30 

.14 

5.06 

3.08 

«.005) 

.48 

.97 

.004 

.01 

0.37S 

9417 

18.27 

.05 

.11 

.  15 

51.20 

.25 

5.12 

2.98 

«.005) 

.60 

1.06 

.005 

.02 

0.500 

9422 

18.07 

.06 

.12 

.24 

52.42 

.10 

5.02 

3.11 

«.005) 

.46 

1.01 

.003 

<.01 

0.500 

9426 

18.08 

.05 

.06 

.51 

52.59 

.09 

5.05 

3.17 

«.005) 

.49 

1.06 

.003 

.02 

0.350 

9419 

18.23 

.05 

.11 

.55 

51.69 

.20 

5.08 

3.01 

«.00S) 

.49 

.98 

.005 

.02 

Table  V-12.  COMPOSITION  OF  NICKEL  BASE  MATERIALS 
TESTED  IN  PROGRAM 


Thlckneat 

(Inches) 

Heat 

No. 

2180-3 

TENSILE  TESTS  (RT) 

TENSILE  TESTS  (1200°r) 

STRESS  RUPTURE  (1200°  F) 

ULT 

(KSl) 

.2%  Yld. 
(KSl) 

Elong . 
{%  4D) 

Ult. 

(KSl) 

.2%  Yld. 
(KSl) 

Elong . 
(%) 

Stress 

(KSl) 

Hr. 

Elong , 

%  4D 

Hardness 

0.250 

9427 

•121 

*fT5r 

70.5 

ITT” 

43.5 

ITT 

•155.5 

132.5 

18.5 

100 

145.8 

7.8 

*98  Rb 

••42  Rc 

0.375 

9417 

•126.8 

•^196.1 

58.2 

iTITT 

46.5 

22.5 

••159.3 

130.9 

13.5 

105 

61.4 

6.2 

•98  Rb 
**42  Rc 

0.500 

9422 

•122 

••198.5 

59.5 

162 

JLM 

20.5 

••161.5 

143 

19 

100 

195.7 

8.3 

*92  Rb 

*•42  Rc 

O.SOO 

9426 

•126 

••199 

56.5 

162.5 

48.4 

22.0 

••172.5 

148.5 

20 

105 

125.3 

7.0 

*97  Rb 

••42  Rc 

0.750 

9419 

•125.2 

••198.6 

70 

TtTT 

44.6 

ITT 

••158.4 

127,2 

17 

105 

92.6 

7.0 

*91  Rb 

••42  Rc 

*  Annealed 
•*  Aged 


Table  V-13.  MECHANICAL  PROPERTIES  OF  NICKEL 
BASE  MATERIALS  TESTED  IN  PROGRAM 


2.  Panel  Welding 


Table  V-14  summarizes  the  nickel  base  alloy  test  panel 
welding  procedures  which  included  wire  brush  and  acetone  rinse 
as  a  preweld  cleaning  procedure.  Figure  V-6  sets  forth  the 
details  of  shield  set-up.  Figure  V-7  shows  the  tooling  that 
was  used  to  hold  the  panels  for  welding. 

The  welding  set-up  tests  used  to  establish  the  procedures 
employed  to  weld  the  nickel  base  alloy  panels  and  photographs 
of  the  resulting  development  welds  are  shown  in  Appendix  E. 

The  quality  of  the  resulting  test  panels  was  high  (see 
Figure  V-5)  and  is  described  for  each  welded  test  panel  in 
Appendix  D.  Appendix  B  reports  the  following  experimental 
detail: 


Panel  Identification  Size  Orientation  and  Shape 

Identification  Orientation  and  Location  of  Each 

Weld  in  the  Panel 

Procedure  Details  for  each  Weld  in  the  Panel 

Location  of  all  Non-Destructive  Indications  in 

Each  Weld 

Location  of  Test  Specimen  Coupons  in  Each  Weld 

Relationship  between  NDT  indications  and  Test 

Specimen  Location 

Test  Specimen  Location 

3.  Welding  Characteristics 

Behavior  during  welding  that  sets  the  nickel  base  alloys 
apart  from  other  program  materials  was  noted  throughout  the 
program  and  is  summarized  here. 

The  nickel  base  alloy  (AMS  5596)  is  readily  welded  by 
laser  in  thicknesses  up  to  3/8  inch.  However,  over-all 
weldability  was  limited,  because  acceptable  welding  pro¬ 
cedures  could  not  be  developed  in  the  1/2  inch  thickness  - 
even  though  this  thickness  was  readily  penetrated  by  the 
laser. 
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PANEL  THICKNESS 

Welding  Parameters 

1/4  Inch 

3/8  Inch 

Power,  Beam 

11.0 

16.0 

On  Work  (kW) 

7.7 

11.2 

Process  Speed  (ipm) 

100 

70 

Optics  (F/No) 

7 

Same 

Focal  Distance  (in.) 

28-1/16 

Same 

Surface  Preparation 

Deburr,  Wirebrush 
Rinse  w/Acetone 

Same 

Shielding  Gas  (Type/CFH) 

let 

Helium  /  100 

Same 

Trailer  Hood 

Argon  /  25 

Same 

Underbead 

Helium  /  10* 

Same 

Shield  Position 

Set  Back  (in.) 

7/16 

Same 

Lift  Off  (in.) 

0.03 

0.04** 

Gap 

002* 

Same 

Mismatch 

005* 

Same 

Tooling 

Figure  V-7 

Same 

Filler  Wire 

Not  Used 

Same 

*  Unless  noted  (or  a  specific  panel  in  Appendix  D. 

**  In  some  panels,  surface  height  varied  0.062  inches  such  that 
hood  lift-off  approached  0.1  inches.  This  Is  excessive  at  the 
nominal  2S  CrH  flow  rate  but  appeared  to  be  acceptable  if  the 
flow  rate  was  raised  to  50  -  60  CFH . 

Table  V-14.  NICKEL- BASE  ALLOY  WELDING  PROCEDURES 


SmilllfN  [lONOATION 


SPECIMEN 

ELONGATION  (%) 

ULTIMATE  STRENGTH  (PSD  | 

Thk. 

Description 

Ident. 

d") 

Weld* 

^2^ 

Tensile 

1/4” 

Transverse 

TTB-IN 

16.4 

201.076 

175.717 

Base  Metal 

TTB-2N 

16.4 

201.020 

177.551 

Longitudinal 

LTB-IN 

17.0 

204.092 

177. B59 

Base  Metal 

LTB-2N 

20.0 

204.295 

178.628 

Longitudinal 

ALT- IN 

4.2 

5.2 

200.214 

174.586 

ALT-2N 

8.1 

10.5 

200.000 

173.228 

Welded 

ALT-3N 

3.8 

6.0 

198.533 

170.246 

Transverse 

ATT- IN 

5.7 

3.9 

198.840 

179.325 

ATT-2N 

3. 1 

2.2 

194.920 

180.930 

Welded 

ATT-3N 

5.0 

3.2 

197.250 

180.357 

3/8" 

Transverse 

ATT-4 

5.0 

4.0 

190.600 

173.400 

Welded 

ATT-S 

11. 0 

8.0 

199.300 

169.000 

WILD  SlMDtTION 


WIO  MTIkL 
ILONMTIONlX): 


twcimM  nowcmic  tiwuwTiox 

ODICINAl  NSntNCI  KT«(CN  0*0f  KIN' 
(TYntAllY  »■) 


*  Measurement  of  weld  metal  ductility  when  supported  by  the  base  metal  and 
forced  to  yield  at  the  same  rate  as  the  base  metal.  This  determination  of 
ductility  Is  not  affected  by  base  metal  weld  strength  differences.  See  sketch. 


Table  V-15.  NICKEL  BASE  ALLOY  TENSILE  RESULTS 
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If  just  enough  power  was  used  in  the  1/2  inch  weld  to 
form  a  continuous  underbead,  x-rays  of  the  weld  revealed  a 
string  of  spherical  voids.  The  appearance  of  the  regularly 
spaced  voids  in  a  beam  weld  suggests  incomplete  penetration 
of  the  beam  cavity  that  forms  the  weld.  They  are  often  ob¬ 
served  in  partial  penetration  welds. 

If  power  into  the  1/2  inch  weld  was  increased  to  en¬ 
courage  full-penetration  and  a  stable  cavity,  the  greater 
amount  of  melting  that  resulted  caused  the  heavy  molten 
alloy  to  pour  out  and  solidify  in  a  series  of  drops  hanging 
from  the  underbead.  The  upper  bead  fell  below  the  plate  sur¬ 
face  as  a  consequence  of  the  metal  drop  out. 

No  intermediate  range  of  power  input  could  be  found 
between  a  "cold"  weld  with  spherical  voids  and  an  over-welded 
joint  with  metal  drop  through.  Both  conditions  exist  on  all 
materials  but  are  separated  by  a  broad  intermediate  range  of 
power  where  neither  condition  is  evident. 

Chills  were  placed  directly  under  the  bottom  bead  in 
order  to  catch  and  freeze  the  drop  out.  This  is  contrary  to 
the  guidelines  given  for  chills  in  Section  IV  but  appeared 
to  be  needed  to  avoid  the  hanging  drops  of  metal.  The  direct 
chills  were  not  successful.  If  the  chill  was  of  copper,  energy 
exiting  from  the  bottom  of  the  cavity  melted  the  chill  and 
contaminated  the  underbead.  Nickel  base  alloy  chills  welded 
to  the  underside  of  the  joint  and  the  weld  contained  voids 
which  extended  into  the  joint  after  the  chill  was  torn,  or 
machined,  loose. 

Two  beam  geometries  were  attempted  as  follows: 

F-21  optics  (run  82H) ,  30  IPM,  13.5  kW  on  work. 

Jet  Trail  Shield  (100  He/25A) . 

F-7  optics  (run  291B) ,  20  IPM,  13  kW  on  work,* 

Jet  Trail  Shield  (100  He/25A) . 

Penetration  was  easily  achieved  with  the  F21  optics  but  no 
intermediate  welding  range  could  be  observed  with  either 
power  or  speed  variations.  Welds  had  either  spherical  voids 
(low  heat  input)  or  drop  through  (high  heat  input)  .  The 
above  f/21  procedure  exhibited  the  least  number  of  underbead 
drops  (3-6  per  inch) . 

♦Power  tapered  to  9.45  during  run  to  control  melting. 


The  f/7  optics  were  employed  for  their  small  focal 
spot.  Interest  in  a  small  intense  spot  was  generated  by  the 
observation  that  the  electron  beam  readily  welds  1/2  inch 
nickel  base  alloy.  It  was  not  possible  to  confirm  the  value 
of  the  small  spot  in  this  program.  The  highly  divergent  F/7 
beam  did  not  penetrate  the  1/2  inch  plate  at  normal  welding 
speeds  of  30  -  40  ipm.  Conduction  melting  and  metal  fallout 
had  begun  to  dominate  cavity  action  at  the  20  ipm  speed  which 
was  required  for  full  penetration  with  F/7.  Reducing  power 
during  the  welding  process  did  not  prevent  metal  fallout. 

Power  reduction  was  continued  until  penetration  was  lost. 

VHiat  appeared  to  be  needed  was  more  efficient  penetra¬ 
tion  with  less  melting.  This  might  occur  with  different 
power  distribution.  (Rev.  V-4) .  Straight  beam  sides  that 
were  better  adopted  to  thick  plate  might  also  help.  Straight 
sides  imply  an  P/Number  that  is  intermediate  between  F/7  and 
F/21.  A  laser  with  a  wave  length  other  than  10.6  microns 
could  also  be  considered.  All  of  these  approaches  are  beyond 
the  scope  of  this  program. 

One  observation  that  came  out  of  this  extensive  pro¬ 
cedure  development  is  that  the  ability  of  a  laser  to  penetrate 
a  given  thickness  does  not  mean  that  the  laser  can  produce 
a  weld  in  that  thickness.  Other  factors  enter  into  making  a 
weld.  In  this  case  it  appeared  that  the  two  beam  geometries 
available  to  the  program  were  not  capable  of  establishing  an 
efficient,  penetrating  procedure  without  overwelding  the  part 
and  causing  metal  dropout  as  soon  as  the  cavity  penetrated 
the  underside  of  the  plate. 

4.  Specimen  Preparation 

Once  nickel  base  alloy  panel  weldments  in  thicknesses  up 
to  3/8  inch  were  completed  at  the  Avco  Everett  Research 
Laboratories,  Everett,  Massachusetts,  they  were  identified 
and  shipped  to  the  Long  Beach,  California  plant  of  the  Douglas 
Aircraft  Corporation  for  weld  evaluation.  At  that  site,  the 
following  steps  were  implemented  in  processing  the  material 
from  the  welded  panel  form  to  finished  test  specimens: 
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A.  Receive  test  panels 

B.  Non-destructive  evaluation,  welded  plates  only 

C.  Specimen  location  and  layout  in  areas  with  no  NDT 

indications 

D.  Remove  coupons  from  plates  (band  saw) 

E.  Check  and  straighten 

F.  Machine  to  finish  dimensions  (3/8  inch  specimens 

had  both  bead  and  crown  removed) 

G.  Age  harden  at  1325°F  for  8  hours  to  a  hardness  of 

of  Rc36  minimum 

H.  Inspect 

5.  Mechanical  Behavior 


As  a  final  task  in  the  program,  nickel  base  alloy  weld 
specimens  were  subjected  to  the  following  tests: 

Tensile  (including  tests  of  repaired  welds) 
Microhardness 

Each  of  these  tests  are  described  in  the  following  sections 
in  terms  of: 

Test  procedure 
Test  objective 
Results 

a.  Tensile  Tests 

After  welding  and  aging  specimens  exhibited  slightly 
reduced  tensile  behavior  when  compared  to  wrought,  aged 
specimens. 

• 

Procedure  -  The  transverse  tensile  weld  specimens  were 
designed  to  place  the  maximxim  length  of  laser  welded  joint 
under  test.  This  amount  was  limited  by  available  testing 
machine  capacity  and  the  length  of  specimens  that  could  be 
removed  from  the  weld  test  panel.  The  width  at  the  gauge 
section  of  the  longitudinal  samples  was  also  selected  within 
the  above  constraints  to  provide  the  maximum  amount  of  wrought 


metal  on  either  side  of  the  fused  metal-plus-heat-affected- 
zone  of  the  weld.  This  practice  makes  for  easier  delineation 
of  the  relative  ductility  of  the  true  elements  of  a  weld  cast 
metal,  heated  metal,  or  supporting  base  metal. 

The  selected  gauge  sections  for  longitudinal  and  trans¬ 
verse  specimens  were: 


1/4  inch  thick  x  0.75  inch 
3/8  inch  thick  x  0.75  inch 

Base  metal  test  specimen  designs  followed  similar 
principles.  Tests  were  made  parallel  to  the  rolling  direc¬ 
tion  and  transverse  to  the  rolling  direction. 

Specimen  designs  are  listed  in  Appendix  E. 

The  Testing  Equipment  employed  on  the  3/8  inch  thickness 
was  a  120,000  lb.  Tinius  Olson  equipped  with  extensometers . 

The  1/4  inch  tests  were  run  on  a  60,000  Baldwin  tensile  test¬ 
ing  machine . 

The  Objective  of  these  tests  was  to  determine  the  weld 
joint  ei^ficiency  of  heat  treated  welds  in  transverse  tension 
with  ■:he  crown  and  root  intact.  Additionally,  longitudinal 
tests  of  welds  could  be  examined  after  testing  to  determine 
whether  the  weld,  the  heat-affected  zone,  or  the  base  metal 
was  the  least  ductile  portion  of  the  joint. 

Results  -  The  resulting  ultimate  tensile  strengths, 
yield  strengths  and  elongation  values  show  that  the  welds 
do  not  perform  as  much  like  the  wrought  base  metal  as  do 
titanium  or  steel  (Table  V-15  and  Figure  v-50)  .  Weld 
strengths  ranged  from  195  -  200  KSI  ult.  joint  efficiencies 
exceeded  95.5%  in  all  cases.  This  is  slightly  lower  than 
the  98  -  99  per  cent  efficiencies  observed  in  low  alloy  steel 
and  titanium.  Failure  in  all  transverse  welds  was  in  the  weld. 

Elongation  values  were  considerably  lower  than  those 
observed  in  the  wrought  material,  even  when  elongation  was 
measured  in  longitudinal  specimens  where  strength  differences 
between  weld  and  base  metal  have  no  effect  (see  sketch  on 
table  v-15)  on  weld  performance. 
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b.  Microhardness  Examination 


Laser  welds  in  this  age  hardening  nickel  base  alloy  re¬ 
sponded  fully  to  heat  treatment. 

Procedure  -  A  Knoop  hardness  tester  was  used.  Hardness 
impressions  were  uniformly  spaced  0.014  inches  apart. 

Objective  -  These  tests  established  the  effects  of  the 
aging  treatment  on  the  weld  structure  and  material  immediately 
adjacent  to  it. 

Results  -  After  aging  the  hardness  of  this  weld  (93E)  and 
the  adjacent  base  metal  are  very  similar  (Figure  V-51) . 

The  laser  does  not  seem  to  have  reduced  the  amount  of  the 
hardening  elements  in  the  weld  metal  (principally  titanium, 
aluminum  and  to  a  lesser  extent- coluiribium)  .  This  particular 
weld  performed  quite  well  in  tensile  tests.  It  was  longitudinal 
test  ALT-20  (Table  V-15) .  Its  ultimate  strength  equalled  base 
metal.  Ductility  was  about  half  of  the  wrought  base  metal. 

Tests  from  94D  were  not  as  strong.  They  were  transverse 
test  ATT  1,  2  and  3  (Table  V-15) .  There  appears  to  be  some 
slight  auto  hardening  from  welding  which  may  have  reduced  the 
ability  of  the  joint  to  respond  to  the  post  weld  furnace  treat¬ 
ment.  The  weld  approached  Rc  30  while  the  base  material  hard¬ 
ness  was  closer  to  Rc  20. 

E.  LASER  WELDS  IN  ALUMINUM  ALLOY 

As  noted  in  Section  III,  this  material  was  selected  be¬ 
cause  a  large  background  of  welding  information  existed.  It 
also  has  good  strength  at  moderately  elevated  temperatures 
and  has  demonstrated  good  resistance  to  stress  corrosion 
cracking. 


1.  Base  Metal  Characteristics 

This  material  was  purchased  against  a  certificate  of 
compliance  to  Mil-A-8920.  The  commercial  designation  is 
2219-T87.*  The  designation  T87  indicates  coldwork  following 
solution  treatment  and  then  aging. 

♦Superseded  by  QQ-A-250/30 
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KNOOP  HARDNESS  Nos  KNOOP  HARDNESS  Nos 


0  .07  .14  .21  .20 


INCHES 


ALT  2 


INCHES 


BASE  METAL  IN  SOLN. 
TREATED  CONDITION 


Figure  V-51.  HARDNESS  SURVEY,  (NICKEL  BASE  ALLOY) 


The  nominal  composition  is: 

Zn. 


Si.  Fe 

Cu  Mn  Mg  A1 

Ti 

V 

Zr 

Other 

Min  - 

5.8  .2  - 

.02 

.05 

.7 

.05  each 

Max  .2  .3 

6.8  .4  .02  .1 

.10 

.15 

.25 

.15  total 

The  tensile  properties  of  the  material  as  received  from  the 
supplier  are  -  in  the  T-87  conditions 

Ult  64,000 

Yield  51,000 

Elong  1% 

2.  Panel  Welding 

All  welds  in  alvuninvim  were  made  on  surfaces  from  which 
all  oxide  had  been  removed.  Contrary  to  expectations,  pene¬ 
tration  in  this  highly  reflective  metal  was  easily  achieved 
in  aluminiun.  Therefore,  extensive  procedure  optimization  was 
possible.  Speed,  focus,  power,  gas  shielding^ types  of  tele¬ 
scope,  special  underbead  pressure  control,  special  plasma 
manipulation  and  special  metal  chills  were  all  carefully 
evaluated  without  achieving  a  procedure  that  would  be  applicable 
to  the  welding  of  test  panels. 

Short  sections  of  weld  could  be  produced  without  excess¬ 
ive  porosity.  When  welds  of  more  than  a  few  inches  length 
were  attempted,  a  periodic  instability  would  occur  as  metal 
dropped  out  of  the  weld  bead  at  a  particular  point.  The 
result  might  be  a  depression  in  the  bead  (Figxire  V-52) ,  or 
a  hole  completely  through  the  bead. 

3.  Welding  Characteristics 

Figure  V-53,  frame  1,  shows  the  sequence  of  events 
that  appear  to  lead  to  periodic  instabilities  in 
the  laser  process  for  aluminum  welding.  Initially, 
the  beam  -  metal  interaction  is  confined  to  a 
relatively  narrow  band.  This  is  the  conventional 
welding  mode  for  the  beam  with  a  nominal  specific 
energy  level  of  7.9  x  10”  watts/inch. 
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TYPICAL  INSTABILITY 
CAVITY 


TYPICAL  INSTABILITY 
CAVITY 


Figure  V-b2.  PROCESS  INSTABIUTY  IN  ALUMINUM  WELDS. 


PROCEDURE 


material;  aluminum 
POWER/SPEL.>:  K)  KW  AT  60  IPM 
F  NUMBER:  7 

SURFACE  CONDITION :  SCRAPED 
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Fiaure  V-53  HIGH  SPEED  MOTION  PICTURE  SEQUENCE 
OF  ALUMINUM  CAVITY  INSTABILITY 


Frame  1 

Normal  Narrow  Pool 


Frame  2 

Melting  Behind  Beam 


Frame  6 
Expulsion 


Frame  5 

Back  Reflection 


2)  As  the  process  moves.  Fig.  V-53,  frame  2,  melting 
to  the  side  takes  place  behind  the  beam  impingement 
point.  At  process  speeds  of  100  ipm  it  is  unlikely 
that  this  is  entirely  due  to  conduction  melting  from 
the  beam.  The  strong  plasma  plume  that  characterizes 
alvuninum  welding  may  be  acting  as  a  powerful,  but 
diffuse,  source  of  heat.  The  super  heated  alumimun 
at  the  rear  of  the  cavity  may  be  giving  up  enough 
energy  to  contribute  to  melting. 

3)  The  extension  of  the  melt  zone  may  catch  up  to  the 
impingement  point  and  the  melting  condition  may  move 
ahead  of  the  beam  (Fig.  V-53,  Frame  3) ,  surrovinding 
the  impingement  point  with  a  volume  of  molten  metal. 

4)  The  volume  of  metal  surrounding  the  beam  then  dis¬ 
appears  leaving  a  bowl  shaped  cavity.  Often  the 
cavity  extends  through  the  plate  illumination  that 
comes  from  below  as  the  beam  strikes  the  tooling 
(Fig.  V-53,  Freune  4)  .  Momentarily  the  beaun  may  drop 
through  the  drainage  hole  and  all  heating  ceases.  A 
post  weld  inspection  of.  the  underbead  will  show  cascades 
of  solidified  metal  slightly  to  the  rear  of  the  bowl. 
Thus  drainage,  not  expulsion,  is  suggested  as  the 
principle  action  during  bowl  formation. 

5)  The  wide,  curved  surfaces  of  the  bowl  appear  to  act 
as  a  reflector  for  the  beam.  As  the  process  moves 
forward  it  reengages  the  front  surface  of  the  bowl. 

This  surface  turns  the  vertical  beam  90°  and  directs 
it  into  the  molten  metal  pool  at  the  rear  of  the 

bowl  (Fig.  V-53,  Frame  5).  Frame  5  shows  an  unusually 
well  directed  impingement  with  the  attendant  plasma 
plume  jetting  foreward  from  the  rear  face  of  the  bowl. 
Radial  pressure  from  these  rearward  beams  occasionally 
blasts  metal  from  a  significant  length  of  joint.  (See 
Frame  6  which  comes  from  a  later  series  of  events  than 
Frames  1  -  5)  . 
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These  observations  were  made  in  a  chamber  filled  with 
still,  pure  helivun.  The  procedures  are  shown  in  Table  V-16. 

In  this  program  it  was  possible  to  determine  that  pro¬ 
blems  associated  with  the  aluminum  procedure  stemmed  from  a 
basic  cavity  instability.  Therefore,  procedure  development 
for  aluminum  was  extended,  within  the  scope  of  the  contract, 
to  determine  if  special,  practical  approaches  to  any  of  the 
common  welding  variables  could  reduce  instability  (without 
introducing  other  weld  quality  problems) .  The  resulting 
observations  are  listed  below. 

Effect  of  Gasses  -  Helium  increases  the  severity  and 
frequency  of  the  instability.  The  addition  of  up  to  30%  argon, 
reduces  the  frequency  of  the  phenomenon  but  not  the  severity. 
Oxygen  in  the  form  of  air  or  oxidizing  gasses  such  as  CO2  pro¬ 
duces  a  uniform  bead.  The  mechanism  appears  to  relate  to  the 
formation  of  an  oxide  film  on  the  molten  pool  and  at  the  under¬ 
bead.  No  instabilities  were  observed  in  six  inches  of  weld 
but  it  cannot  be  concluded  that  none  would  occur  if  several 
feet  could  have  been  welded.  Air  and  CO2  introduced  severe 
random  porosity  suggesting  the  presence  of  moisture  or  other 
sources  of  hydrogen.  Oxygen  damaged  hoods. 

Power  -  Metal  would  stay  in  the  weld  if  marginal  power 
settings  were  used.  However,  such  welds  exhibited  a  large 
number  of  voids.  The  regular  spacing  of  the  voids,  suggests 
that  they  are  vapor  pockets.  These  pockets  are  often  ob¬ 
served  in  partial  penetration  joints 

Gas  Purity  -  All  gas  piping  was  converted  to  brazed  metal 
construction. This  would  eliminate  moisture  pickup  as  a  result 
of  diffusion  through  the  walls  of  plastic  hose.  There  was  no 
change  in  the  voids  observed  at  low  power  levels.  This  points 
to  vapor  pockets  from  incomplete  penetration  as  their  source. 
The  piping  had  no  effect  on  instabilities. 

Underbead  Pressure  -  Pressure  was  reduced  under  the  weld 
in  an  attempt  to  stabilize  the  lower  opening  of  the  cavity. 

This  might  permit  welding  at  a  lower  total  power.  Low  power 
welds  did  not  seem  as  susceptible  to  instabilities.  Addition¬ 
ally,  it  was  hoped  that  the  differential  pressure  would  pull 
the  plasma  through  the  cavity.  Accordingly  3/8  inch  thick 
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(1)  A  vacuum  pumped  and  backfilled  chamber  was  used  for  these 
experiments.  Visual  examination  of  titanium  test  pieces 
welded  Just  prior  to  the  aluminum  indicate  a  gas  purity  of 
99.999  (approximately).  The  box  was  used  so  that  footage 
for  the  motion  picture  report  could  be  obtained  and  the  weld 
would  not  be  obscured  by  a  local  Jet  trailer  or  hood-type 
shield. 


Table  V-16.  WELDING  PROCEDURE  FOR  INSTABILITY 

ANALYSIS  OF  ALUMINUM  WELDING  PROCEDURE 


plates  were  welded  with  a  9.8  KW  process  at  55  ipm  with  a 
15  psig  pressure  differential.  A  diffuse  flow  of  70/30 
He/A  shielding  gas  was  used.  The  top  surface  of  the  weld 
was  not  narrowed.  If  its  width  is  a  function  of  the  plasma 
intensity  above  the  weld,  then  the  plasma  was  not  shifted 
into  the  weld  by  placing  a  pressure  differential  across  the 
cavity.  The  undersurface  was  very  uniform,  but  an  excessive 
amount  of  metal  had  been  forced  below  the  plate  as  the  pres¬ 
sure  differential  worked  on  the  molten  weld  pool.  Insta¬ 
bilities  were  eliminated  compared  to  similar  welds  without 
the  pressure  differential.  This  solution  is  not  a  practical 
one  however,  because  the  metal  is  forced  out  of  the  joint, 
and  thus  does  not  fit  into  the  context  of  this  program. 

Back  Up  Strip  -  A  strip  was  tacked  to  the  underside  of 
the  weld  to  support  metal.  All  involved  surfaces  were  scraped 
to  remove  oxide.  Good  set  up  was  hard  to  achieve  but  3/8 
inch  thick  plates  were  welded  at  40  ipm  using  maximum  available 
power  on  the  surface  (12.6  ICJ  for  the  F/7  optical  system) . 
Contours  improved  but  porosity  formed  in  the  weld  just  above 
the  top  of  the  strip.  This  approach  might  be  improved  for 
special  applications  where  the  underbead  strip  was  not  objec¬ 
tionable  or  could  be  machined  away,  it  was  too  specific  for 
this  progreun. 

Plasma  Manipulation  -  An  attempt  was  made  to  apply, 
within  the  hood  type  shield,  a  small  jet.  This  jet  would 
blast  helium  of  the  plasma  plume  as  it  emerged  from  the 
cavity  and  before  it  could  cause  melt  back.  There  was  some 
narrowing  of  the  weld  but  the  action  of  the  jet  of  helium 
from  a  hypodermic  needle  inside  the  hood  (or  in  a  helivim 
filled  dry  box)  caused  considerable  turbulence,  which  masked 
observations  dealing  with  the  instabilities.  Uniform  beads 
were  obtained  when  operating  the  jet  without  a  shield.  How¬ 
ever,  the  color  of  the  weld  indicated  that  the  principle 
effect  was  from  oxide  formed  by  inspirated  air.  Proper  conduct 
of  jet  experiments  would  require  design  of  a  nozzle  and  shield 
that  were  compatible.  Shield  design  is  not  part  of  procedure 
development  and  is  therefore  beyond  the  scope  of  the  program. 

Focus  -  During  several  of  these  tests  careful  evaluation 
of  the  optimim  focus  occurred.  As  focus  was  moved  out  of  the 
work  it  appeared  that  the  frequency  of  the  instabilities  de¬ 
creased  slightly.  However,  the  number  was  still  excessive 
within  any  useable  focal  range. 
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The  extended  investigation  of  procedure  variables  failed 
to  eliminate  the  incidence  of  instabilities  in  aluminum  welds. 
The  problem  appears  to  relate  to  the  interaction  between  the 
beam  and  the  alviminum.  It  has  some  of  the  characteristics  of 
the  overwelding,  intermittent  dropout  problem  encountered  in 
thick  nickel  base  alloys.  Because  of  the  characteristic 
behavior  of  aluminum,  no  procedure  could  be  developed  with 
which  to  make  tests. 


SECTION  VI 


CONCLUSIONS 


As  a  result  of  this  program,  laser  C02(CW)  welding  ap¬ 
pears  to  be  a  high-speed,  low-distortion  process  that  should 
be  considered  for  the  manufacture  of  aerospace  structures 
wherever  the  special  capabilities  of  laser  are  called  for. 

This  conclusion  is  supported  by  a  number  of  program  findings 
and  is  subject  to  certain  limitations  that  also  came  out  of 
the  program. 

A.  ADVANTAGES 

Twelve  procedure  development  efforts  were  included  in 
the  program.  Where  procedures  could  be  developed  to  produce 
sound  welds,  the  following  conclusions  can  be  drawn  in  support 
of  C02(CW)  welding. 

1:  Low  levels  of  porosity  were  achieved  wherever  proper 
shielding  was  applied.  Distance  between  detachable 
pores  ran  from  6  inches  for  thick  plates  to  24  inches 
(or  more)  for  1/4  inch  plates. 

2:  Useable  thicknesses  of  0.5-0. 6  inch  could  be  pene¬ 
trated  in  a  single  pass. 

3:  Welding  speeds  were  high  compared  to  arc  or  plasma 
welding.  They  were  typically; 

-  30  ipm  on  1/2  inch  thick  joints 

-  60  ipm  on  3/8  inch  thick  joints 

-  100  ijan  on  1/4  inch  thick  joints 

4:  Distortion  was  low.  When  measured  on  welds  made  be¬ 

tween  flat  ground  1/4  inch  thick  stock  (carbon  steel) : 

-  Transverse  Distortion  -  0.30° 

-  Longitudinal  Distortion  -  0.01° 
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5:  Upon  mechanical  testing,  sound  laser  weld  performance 
was  very  close  to  that  of  base  metal  reference  tests. 
Laser  welds  tested  for  their  fracture  toughness  ex¬ 
ceeded  base  metal  performance  and  fell  in  the  upper 
portion  of  the  data  taken  from  other  experiments. 

6:  Laser  welds  in  carbon  steel  were  tested  for  resistance 
to  fracture  in  the  presence  of  a  precracked  notch  and 
exhibited  unusually  high  K^gcc  values. 

7s  Laser  welding  had  some  attractive  operational  features: 

-  Tolerance  for  gaps  as  large  as  0.02T 

-  Ability  to  be  repaired  by  simple  refusion 

-  Need  for  only  simple  butt  weld  geometry 

B .  LIMITATIONS 

In  the  course  of  process  development  some  limitations  were 
observed.  These  were: 

Is  Failure  of  the  aluminum  alloy  to  respond  to  development 
effort.  A  nuinber  of  special  variables  were  explored 
including: 

-  Mechanical  scraping  to  lift  oxide  off  surface 

-  Use  of  metal  gas  delivery  lines 

-  Application  of  underbead  pressure 

-  Back  up  strip 

-  Plasma  manipulation  through  jets 

-  Critical  control  of  power,  speed,  and  focus 

-  Use  of  Argon  rich  helium  gas  mixtures 

-  Use  of  Oxidizing  gasses  air,  CO2  and  O2 

Many  elements  of  the  problem  were  eliminated  by  the 
argon  rich  shielding  gas  mixture  applied  so  as  to 
minimize  disturbance  of  molten  metal.  Conventional 
gas  metal  reaction  porosity  was  prevented  by  the 
metal  gas  delivexry  lines  and  scraping.  None  of  the 
above  could  prevent  excessive  melting  to  produce  a 
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puddle  and  periodic  loss  of  puddle  to  produce  a  void 
in  the  bead  (when  weld  length  is  defined  as  greater 
than  12  inches) . 

2;  Failure  of  the  1/2  inch  thick  nickel  base  alloy  to 
respond  to  extensive  procedure  development  though 
all  other  program  thicknesses  responded  readily. 

Several  special  procedure  variables  were  explored 
including: 

-  Critical  control  of  power,  speed  and  focus 
in  order  to  find  a  welding  procedure  that 
fell  between  marginal  penetration  (on  one 
hand)  and  metal  drop-out  on  the  other.  No 
such  range  was  observed  for  this  particular 
thickness  of  nickel  base  alloy  though  it  was 
readily  obtained  in  3/8  inch  and  1/4  inch 
alloy  (and  in  all  other  progreun  materials  ex¬ 
cept  aluminum)  . 

-  Chills  did  not  alleviate  the  metal  drop-out 
problem.  In  the  overwelding  situation,  where 
drop  out  is  observed,  enough  energy  frcxn  the 
beam  exits  from  the  bottom  of  the  cavity  to 
interact  with  the  chill  material  if  it  is 
placed  so  as  to  catch  and  support  the  molten 
metal. 

3:  Requirement  of  full  hood  shielding  for  titanium  alloys. 
Careful  post  welding  analysis  of  titanium  welds  shielded 
by  helium  jets  and  argon  trailers  revealed  evidence  of 
micro  contamination  in  a  region  of  the  weld  cross  sec¬ 
tion  which  represented  the  upper  lip  of  the  cavity. 

No  other  significant  limitations  on  the  C02(CW)  process 

were  observed. 

C.  ELEMENTS  OF  TECHNOLOGY 

A  niunber  of  practical  welding  variables  were  systematically 
reviewed  and  certain  conclusions  as  to  their  use  in  a  welding 
procedure  can  be  drawn  as  follows: 
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1:  Reflectivity  as  a  Factor  in  Multikilowatt  Welding 


The  effectiveness  of  the  cavity  as  a  light  trap  is 
suggested  by  the  T%  reflectance  measurements  ob¬ 
served  for  all  program  materials  except  aluminum, 
which  exhibited  14%  reflectivity. 

2:  Surface  Finish  as  a  Factor  in  Multikilowatt  Welding 

It  did  not  appear  that  the  condition  of  the  surface 
of  a  plate  had  a  significant  affect  on  the  ability 
of  the  plate  to  absorb  beam  energy. 

3:  Shielding  Gasses  for  Laser  Welding 

Helium  permitted  the  best  penetration  -  twice  the 
penetration  observed  in  still  air  for  a  given  set 
of  welding  conditions.  Argon  seemed  to  react  with 
the  beam  (perhaps  by  formation  and  maintenance  of 
a  plasma)  and  inhibited  penetration.  Helium  did 
not  provide  perfect  blanketing  of  the  weld  in 
difficult  shielding  situations.  When  shielding  was 
less  than  perfect,  additions  of  10%  argon  improved 
blanketing  with  no  significant  loss  of  penetration. 
Mixtures  of  30%  argon  with  helium  usually  resulted 
in  some  loss  of  penetration. 

At  50%  argon  concentration  (in  helium) ,  shield  dcun- 
age  was  frequent  unless  welding  speed  kept  the  weld 
ing  cycle  very  short.  Thus,  the  limiting  amount  of 
argon  seemed  to  fall  between  30  and  50%  with  little 
to  be  gained  from  concentrations  over  about  10%. 

Other  gasses  such  as  CO2,  O2#  and  H2  were  evaluated 
and  the  results  reported. 

4:  Gas  Shield  Tooling  for  Laser  Welding 

The  following  methods  for  deliveiry  of  gas  to  the 
upper  surfaces  of  the  weld  were  explored  and  their 
recommended  use  determined: 
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-  Off-Axis  GTA  Nozzle  -  Low  speed  welding  in 
nickel  base  alloys  and  carbon  steel  alloys 

-  Jet-Trailing  Hood  Shields  -  High  speed  welds 
in  nickel  base  and  carbon  steel  alloys. 

-  Pull  Diffusion  Shield  -  Required  for  all 
alvuninum  and  titanium  welding 

-  Manifold  Shielding  -  Potentially  useful  in 
restricted  areas  for  all  materials  in  the 
program. 

5:  Methods  for  Controlling  Underbead  Geometry  and 
Drop  Through 

Full  penetration  laser  welding  procedures  for  1/4 
inch  thick  plates  of  aluminum,  nickel  base  alloy, 
titanium,  stainless  steel,  and  carbon  steel  resulted 
in  an  underbead  that  was  0.05-0.75  inches  wide  (ex¬ 
cept  aluminum  which  was  0.1  inches  wide).  Typically 
this  underbead  projected  0.02  inches  below  the  plate. 

5a:  Chill  Spacing 

Chill  contact  spacing  at  least  250-350%  wider 
than  the  underbead  reduced  the  angle  between 
the  plate  and  the  underbead  projection  to 
about  30°. 

Carbon  and  stainless  steels  exhibited  sharper 
angles  as  chill  spacing  was  increased  to  500% 
of  plate  thickness.  Materials  such  as  the 
aluminum,  nickel  base  alloys,  and  titaniiun 
maintained  a  30°  angle  between  plate  and  under¬ 
bead  regardless  of  chill  spacing  as  long  as 
the  chills  were  spaced  dt  least  250-350%  of 
the  plate  thickness.  Proper  chill  spacing 
definitely  results  in  reduced  mechanical  notch 
effects,  as  defined  by  angle,  for  laser  welds. 
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changing  the  position  of  the  focal  point  in  the 
plate  did  not  change  the  angle  between  the  under¬ 
bead  and  the  plate. 

5b:  Backstop  Tooling 

Backstop  tooling  appeared  to  represent  a  means 
for  protecting  other  workpiece  surfaces  from 
the-  exiting  beam  but  otherwise  exercised  no 
effect  on  underbead  size  or  contour.  Surfaces 
within  1/8  inches  of  the  underside  of  welds 
should  be  protected  against  molten  metal  exiting 
from  the  underside  of  the  weld.  In  the  presence 
of  a  beam  stop  material  placed  closer  than  1/8 
inch,  focus  becomes  more  critical  and  this  should 
be  taken  into  account  when  considering  tooling 
changes  that  will  effect  the  placement  of  beamstops. 

5c:  Underbead  Gas  Pressure 

Underbead  gas  pressure  will  control  underbead 
contour.  Aluminum  is  very  sensitive  to  vmder- 
bead  pressure.  If  pressure  is  varied  far 
enough,  the  metal  will  be  blown  upward  out  of 
the  joint  and  under  fill  would  result.  If  gas 
pressure  was  controlled  by  the  tooling,  drop 
through  could  be  eliminated. 

6:  Selection  of  F/No.,  Focus,  Speed,  Power  and  Incidence 
Angle 

When  the  latitude  for  focal  position  within  the  work- 
piece  was  compared  with  respect  to  F/7  and  F/21,  the 
latter  telescope  (high  F/No.)  was  observed  to  have 
more  than  twice  the  latitude.  Within  this  range,  cross- 
sections  of  those  welds  made  at  slight  under focus  have 
the  straightest  sides.  Welds  with  curved  sides  and 
with  a  pinched  cross-section  often  result  in  cracking 
during  solidification. 
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There  was  no  evidence  that  changing  the  impingent 
angle  of  the  beam  on  the  plate  affected  the  pene¬ 
trating  ability  of  the  beam. 

When  welding  speeds  were  forced  below  about  30  ipm 
in  order  to  penetrate  1/2  inch  material,  the  welding 
process  became  conduction  dominated  and  began  to 
approach  an  arc  weld  in  appearance. 

7:  Maximum  Single  Pass  Thickness 

The  following  joint  thicknesses  represent  the  current 
maximum  penetrating  capability  of  the  HPL  industrial 
laser  at  15  Kw  (13.5  Kw  on  the  work)  when  an  F/21  op¬ 
tical  system  is  used: 

Carbon  Steel:  0.6  +  .005  inches 

Titanium:  0.6  +  .005  inches 

Nickel  Base  Alloy:  0.57  +  .005  inches 

Stainless  Steel  (AISI  321):  0.544  +  .005  inches 

Aluminum  was  tested  at  slightly  lower  power  (13  Kw 
on  the  work)  to  conserve  the  diffuser  hood.  The 
maximum  thickness  penetrated  at  50  ipm  was: 

Aluminum:  0.5  +  .005  inches 
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SECTION  VII 
RECOMMENDATIONS 


The  success  achieved  during  this  progr2un  suggests  that 
applications  be  identified  for  laser  welding  in  aerospace 
structures.  Any  one«  or  a  coinbination  of,  the  following 
characterize  a  candidate  application: 

.  Need  for  fast  single  pass  fusion  welding 

.  Emphasis  on  low  distortion  in  large  weldments 

.  Special  access  problems  during  welding 

.  Critical  toughness  or  corrosion  requirements 

,  Possibility  for  sharing  any  of  the  above  ad¬ 
vantages  over  several  operations  in  one  shop. 

.  Possibility  for  more  cost  effective  components 
by  redesigning  to  take  advantage  of  one  of  the 
above  characteristics 

Techniques  that  employ  the  low  angle  reflection  of  laser 
beams  should  be  developed  for  welding  stiffeners,  flanges  and 
couplings  rapidly,  with  a  minimum  of  distortion,  and  with  high 
reliability. 

Additionally,  programs  should  be  developed  to  lift  the 
process  limitations  observed  in  this  progreun  so  as  to  extend 
the  benefits  of  welding  to  all  aerospace  structures  and 
materials. 

1.  The  highest  priority  should  be  placed  on  overcoming 
the  inability  of  aluminum  to  respond  to  high  power 
welding  beeuns.  What  is  required  is  improved  pene¬ 
trating  efficiency  for  the  laser  beam  with  less 
melting. 


2.  Similar,  advanced,  optics  should  be  applied  to  the 
nickel  base  alloy  to  place  greater  emphasis  on 
penetration  and  less  on  melting.  Again,  the  pro- 
greun  should  emphasize  thick  plate  where  the  problem 
of  excessive  melting  and  metal  drop-out  is  most 
severe . 

Small  programs  aimed  at  isolating  and  confirming  some 
of  the  observations  in  this  program  should  be  undertaken. 

These  include: 

1.  Statistical  confirmation  of  the  apparently  attractive 
toughness  and  corrosion  properties  of  laser  welds. 

Such  programs  should  consider  the  use  of  several  heats 
of  the  base  metal,  testing  in  more  than  one  facility 
to  obtain  reference  data  useful  to  the  designer  in 
critical  applications  if  the  full  advantage  of  laser 
welds  is  to  be  realized. 

2.  Moving-beam  focus  stability  studies,  as  opposed  to 
the  single  point  studies  of  weld  cross-sections  ap¬ 
plied  in  the  early  part  of  this  program. 
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APPENDIX  A 


MILITARY  SPECIFICATION 
(TENTATIVE)  WELDING, 
FUSION.  LASER  BEAM, 
(WITH  ATTACHED  SAFETY 
AND  MAINTENANCE 
REQUIREMENTS  FOR  A 
MULTIKILOWATT  USER) 


MILITARY  SPECIFICATION  (TENTATIVE) 


WELDING,  FUSIOI'I,  LASER  BEAM,  PROCESS  FOR 

PART  I 


1.  SCOPE.  This  specification  establishes  processing  requirements  for 
the  uso  of  continuous  wave  CO2  laser  beam  for  fusion  v/elding  of  metals  and 
a  I  toys. 

1.1  Applicability.  Processing  roquirenhents  defined  by  this  specifica¬ 
tion  v/lll  result  in  wolds  or  v/eldments  joined  by  loser  beam  fusion  welds  of 
the  quality  specified  herein.  Processing  docs  not  include  any  subsequent 
thermal  or  other  treatment  required  to  optimize  weldment  mecnanicol 
properties. 

2,  APPLICABLE  DX01ENTS.  The  following  docui:ncnts  of  the  Issue  In 
effect  on  the  date  of  invitation  for  bids  or  request  for  proposal  form  a  part 
of  this  specification  to  the  extent  specified  herein. 

2.1  Government  Documents 
MILITARY  SPECIFICATIONS 


MIL-S-5002 

MIL-T-5021 

MIL- I -6866 
MIL- I -6668 
MIL- I -6870 


MIL-H-6075 

MIL-A-18-155 

MIL-P-27/107 

MIL-It25I35 

MIL-H-8I2C0 


Surface  Treatments  and  Metallic  Coatings  for  Metal 
Surfaces  of  Weapon  Systems 
Tests;  Aircraft  and  Missile  Welding  Operators’ 
Qualification 

Inspection,  Penetrant,  Method  of 
Inspection  Process,  Magnetic  Particle 
Inspection  Program  Requirements,  Non-Destructive 
Testing  for  Aircraft  and  Missile  Materials  and 
Parts 

Heat  Treatment  of  S+eels  (Aircraft  Practice), 
Process  for 
Argon,  Technical 

Propellant  Pressurizing  Agent,  Helium 
Inspection  Material,  Penetrant  (ASG) 

Heat  Treatment  of  Titanium  and  Titanium  Alloys 


2.1  (Cont'd) 

MILITARY  STANDARDS 


MIL-STD-105  Samp  ling  Procedures  and  Tables  for  Inspection  by 
Attributes 

MIL-STD-A53  Inspection,  Radiographic 
MIL-STD-779  Roforenco  Radiographs  for  Steel  Welds 

(Copies  of  specifications,  standards,  drawings,  and  publications 
required  by  suppliers  In  connection  with  specified  procurement 
functions  should  be  obtained  from  the  processing  activity  or  as 
directed  by  the  contracting  officer.) 

2,2  Non -Government  Documents 

American  Society  for  Testing  and  Materials 

ASTM-164  Ultrasonic  Contact  Inspection  of  Weldments 
ASTM-273  Ultrasonic  Inspection  of  Longitudinal  and  Special 
Wolds  of  Welded  Pipe  and  Tubing 

American  Welding  Society 

AV/S  A  3.0  Definitions  -  Welding  and  Cutting 

ANSI-2-136.1  American  National  Standard  For  the  Safe 
Use  of  Lasers 

(Technical  society  and  technical  association  specifications  and 
standards  are  generally  available  for  reference  from  libraries. 

They  are  also  distributed  among  technical  groups  and  using 
Federal  agencies.) 

3.  REQUIREMENTS 

3.1  EQUIPMENT:  The  source  of  beam  energy  shall  be  a  CO2  continuous 
wave  laser.  The  power  of  the  beam  shall  bo  controlled  by  a  closed  loop 
system  which  continuously  monitors  output  power  during  the  entire  wolding 
cycle.  Power  shall  be  maintained  to  +  1%  of  the  preset  value.  Equipment 
shall  be  constructed  to  existing  federal  and  state  regulations. 

3.1.1  The  operation  of  the  laser  system.  Including  tooling  and  beam 
handling  sub-systems  shall  comply  with  existing  state  and  federal  regulations. 
Whore  such  regulations  have  not  been  enacted,  operation  shall  be  In  accordance 
with  ANSI  Standard,  ANSI-Z-I36,I 
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3.1  (CtJnf'd) 


3.1.2  Quol  1  f Icatlon.  Tho  operating  capability  of  the,  v/oldlng  equipment 
shall  bo  ostoblishod  by  demonstration  of  acceptable  welding  performance. 
Establishment  of  production  vyclding  procedures  and  equipment  schedules  in 
accordance  with  requirements  of  the  applicable  paragraphs  shall  bo  considered 
a  suitable  demonstration  of  acceptable  welding  performmeo. 

3. 1.2. 1  The  welding  equipment  shall  be  requallfied  after  any  significant 
repair  or  maintenance  service  Involving  those  parts  of  tho  equipment  used  for 
the  generation  (I.e.  laser  cavity),  alignment  (l.o.  mirrors,  or  any  Instrumenta¬ 
tion  used  in  tho  control  or  concentration  of  tho  laser  beam  power. 

3.1.3  Jigs  and  Fixtures.  All  work  piece  holding  fixtures  shall  be 
capable  of  holding  parts  in  proper  alignment,  maintaining  desired  configura¬ 
tion  and  tolerances  during  welding,  and  providing  back-up  as  required. 

"Back  Op"  material  used  to  absorb  residual  laser  beam  energy  shal  1  bo  of  tho 
same  alloy  (nominal  chemical  composition)  as  tho  part  being  welded. 

3.2  Materials 

3.2.1  Welding  Shield  Gases.  Gas  used  for  weld  Joint  shielding  shall  be 
In  accordance  with  the  following: 

Argon  ....  MIL-A-10455 
Helium  .  ,  .  .  MIL-P-27407 

3.2.2  Equipment  (Laser)  Gases.  Gases  used  for.  the  purpose  of  genera¬ 
tion  of  the  laser  shall  bo  In  accordance  with  manufacturer’s  Instructions. 

3.2.3  Welding  Filler  Metal.  Welding  filler  metal  shall  bo  In  accordance 
with  requirements  specified  on  the  applicable  engineering  drawing. 

3.3  Equipment  Operators.  Laser  beam  welding  equipment  operators  shall 
bo  qualified  In  accordance  with  procedures  established  in  MIL-T-5021. 

3.4  Classification  of  Weld  Joints.  The  responsible  weldment  design  con¬ 
tractor  shall  classify  and  grade  each  laser  beam  weldment  or  wold  In  accor¬ 
dance  with  requi reinenis  established  by  MIL-I-6B70. 

3.4.1  Class.*  Class  refers  to  functional  reliability  requirements  of 
the  weldment  or  weld  and  Implies  a  confidence  level  requirement  for  non- 
destructive  testing.  A  high  reliability  class  may  require  redundant  testing 
to  assure  an  adequate  NOT  confidence  level. 


•From  MIL-l~G070C 
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5.4  (Cont'd) 


5,4.2  Grodo.*  The  qrado  of  b  woldnwnt  or  wold  Is  a  tnoasuro  of  quality 
level  and  Implies  a  dofcci  sens  1 1 1  v  i  1  y  req  u !  rctnciii  for  NOT;  The  grade  Is 
defined  In  forms  of  defect  size,  location,  typo,  and  frequency  which  are 
acceptable.  High  and  low  stress  areas  on  the  samo  weldment  or  component  can 
have  different  grade  levels.  The  grade  level  shall  bo  based  on  the  accept¬ 
able  defect  limits. 

5.5  Wold  Joint  Design.  Unless  otherwise  specified  by  the  applicable 
engineering  drawing,  laser  beam  welding  joint  design  snail  be  in  accordance 
with  the  following:  See  Figure  I  for  descriptive  Illustration. 

5.5. 1  Joint  Details.  Mating  surfaces  of  Joint  details  shall  have  a 
surface  finish  not  rougher  than  1 25  rms. 

5.5.2  Joint  Gap.  Mating  surfaces  of  Joint  details  shall  fit  together 
so  that  open  gaps  In  the  Joint,  assembled  for  welding  will  not  exceed  2  per 
cent  of  the  Joint  thickness. 


FIGURE  1.  JOINT  DESIGN  DETAILS 


•From  MIL-I-6870C. 
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3,5  (Cont'd) 


3.5.3  Mlsallynrnent  of  Hutt  Joints.  Misalignment  of  tho  butting  edges  of 
shoot  or  plato  In  o  butt  wold  shall  not  oxcccd  tho  following  where  "T"  Is  tho 
thickness  of  the  thinnest  member. 

(|>  Material  thickness  .010”  to  .100” 

0.004"  or  \%  T  whichever  Is  greater 

(2)  Material  thickness  .101”  to  .199” 

0.020"  or  15?  T  whichever  Is  smaller 

(3)  Material  thickness  .200"  and  thicker 

0.030  or  10?  T  whichever  is  smaller 

3.5.4  Wold  Penetration  of  Butt  and  Lap  Joints.  Weld  Joint  penetration 
shall  bo  a  minimum  of  100  per  cent  of  tho  material  thickness  for  all  butt  and 
lap  typo  Joints. 

3.6,  Required  Procedures  and  Operations 

3.6.1  Cleaning 

3. 6.1. 1  Equipment  and  Fixtures.  Equipment  and  fixtures  adjacent  to  or 
directly  Influential  In  the  resulting  compositional  quality  of  a  laser  weld 
shall  be  cleaned  to  remove  all  oils,  greases,  dirt,  or  any  other  contaminating 
substances  prior  to  welding  assembly  and  so  maintained  until  completion  of  the 
welding  operation. 

3. 6. 1.2  Joint  Details.  Detail  Joint  components  shall  be  cleaned  In 
accordance  with  requirements  specified  In  MIL-S-5002  before  assembly  for  weld¬ 
ing  and  so  maintained  until  tho  completion  of  the  welding  operation. 

3.6.2  Assembly  for  Welding.  Joint  detail  components  shall  be  assembled 
as  required  by  the  applicable  engineering  drawing. 

3.6.2. I  Tack  Welding.  Tack  welding  (any  welding  process)  to  maintain 
Joint  component  alignment  Is  permissible  provided  all  effects  of  tho  tack  wold 
are  obliterated  by  subsequent  laser  beam  welding  and  is  a  required  operation 
of  tho  authorized  welding  procedure. 
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3.6  (Cont'd) 


3.6.3  Production  Weldlnrj.  Production  loser  boom  welding  sholl  bo  per¬ 
formed  In  accordonco  with  on  authorized  welding  procedure  cstobllshed  by  pro¬ 
cedures  specified  In  3.6.4. I .  The  authorized  welding  procedure  shall  specify 
the  sequence  of  each  application  of  laser  beam  power,  the  specific  schedule 
of  equipment  adjustments  (3. 6. 4. 2)  for  each  application,  ns  well  ns  all  other 
parameters  Influential  In  the  resulting  weldment  quality,  metallurgical  struc¬ 
ture,  nnd/or  mechanical  properties.  Figure  2  Is  a  suggested  format  for  the 
recording  of  a  laser  beam  welding  procedure. 

3.6.4  Establishing  V/eldlng  Procedures  and  Equipment  Adjustments 

3.6.4. I  Welding  Procedure.  A  laser  beam  welding  procedure  shall  bo 
established  by  demonstration  of  acceptable  manufacture.  The  welding  procedure 
shall  bo  considered  approved  If  two  consecutive  production  weldments  made  In 
accordance  with  all  details  of  the  procedure  are  In  compliance  with  the 
requirements  of  the  engineering  drawing  and  this  specification  (3.7),  when 
Inspected  at  levels  specified  for  Class  lA  weldments  (see  4.1.1)  and  the 
applicable  quality  grade  level. 
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3.6.4  (Cont'd) 


3. 6. 4. 2  Equipment  Adjustments.  A  schedule  of  equipment  adjustments 
shall  consist  of  a  tabulation  of  all  adjustments  directly  Involved  In  the 
generation,  concentration,  and  quantity  of  power  and/or  temperature  Imposed 
on  the  workpiece.  An  allowance  of  +  10  per  cent  of  1ho  power  contained  In 
the  laser  beam  shall  be  available  to  compensate  for  processing  variables. 
Equipment  schedules  for  an  authorized  laser  beam  welding  procedure  shall  be 
established  In  accordance  with  the  following: 

3. 6. 4. 2. 1  Tost  Specimen.  A  laser  boom  v/cid  Joint  test  specimen,  using 
the  same  material  (nominal  chemical  composition  and  heat  treatment)  as  the 
production  pass  shall  be  produced  for  each  separate  application  of  laser  beam 
power  required  to  produce  the  desired  weldment.  If  an  application  of  laser 
power  Is  to  be  Imposed  on  top  of  a  previous  pass,  the  specimen  representing 
the  second  application  shall  Include  the  previous  laser  weld  pass  or  passes. 
If  tack  welding  (by  any  welding  process)  Is  required  to  produce  the  produc¬ 
tion  weldments,  the  specimens  shall  Include  the  tack  welds. 

3. 6. 4. 2. 2  Specimen  Configuration.  The  specimen  weld  joint  shall  be  no 
less  than  I6  Inches  In  length.  Specimen  dimensions  shall  not  be  less  than  IB 
Inches  long  by  4  Inches  wide  by  the  thickness  of  the  joint  to  be  welded.  The 
weld  length  and  test  specimen  dimensions  may  be  reduced  to ‘the  dimensions  of 
the  production  weldment  If  it  Is  smaller.  Duplication  of  curvature  or  con¬ 
figurational  detail  Is  optional  unless  those  features  ore  Influential  In  the 
determination  of  the  equipment  settings. 

3. 6. 4. 2. 3  Specimen  Requirements.  A  schedule  of  equipment  adjustments 
shall  bo  approved  for  an  authorized  welding  procedure  if  the  test  specimen 
wold  Is  In  compliance  with  all  applicable  requirements  (3.7)  of  this  specifi¬ 
cation  when  nondestructi voly  Inspected  at  levels  established  for  Class  lA 
weldments  (4. I. 2),  the  applicable  quality  grade  level,  and  3. 6. 4. 2. 4, 

3. 6. 4. 2. 3,  and  3. 6. 4. 2. 6,  if  applicable. 

3. 6. 4. 2. 4  Specimens  Thicker  than  3/8  Inch.  Test  specimens  representing 
wold  joint  thicknesses  greater  than  3/8  inch  shall  also  be  destructively 
Inspected  for  compliance  with  applicable  requirements.  Destructive  evalua¬ 
tion  shall  be  In  accordance  with  procedures  specified  in  4.3. 
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3.6. 4. 2  (Cont'd) 


3. 6.4. 2. 5  Heating  Pass  Specinwns.  Test  spoclmons  representing  the 
application  of  a  laser  beam  for  hci>ting  purposes  shall  show  no  evidence  of 
melting,  phase  changes,  recrystn 1 1 1 zotlon  or  crystallographic  growth.  Visual 
Inspection  mothods  (4. 1.2.1)  shall  bo  used  to  establish  tho  presence  or 
absence  of  melting.  Metal lographlc  polishing  and  acid  etching  of  tho  speci¬ 
men  surface  shall  be  used  to  aid  in  establishing  whether  metal lurgira 1  changes 
havo  occurred, 

3.6. 4.2.6  Wold  Penetration  and  Configuration.  Specimens  representing 
weld  requirements  (less  than  100?  or  special  configurations)  not  Inspoctablo 
except  by  destructive  sectioning,  shall  be  evaluated  as  required  by  4.5.2. 

3,7  V/old  Joint  Attributes.  Unless  otherwise  specified  by  the  applicable 
engineering  drawing,  laser  beam  wolds  shall  bo  In  compliance  with  the  following 
Sec  Figure  3  for  descriptive  Illustration. 


3.7.1  Wold  Bead  Widths.  The  width  of  a  laser  v/cid  bead  shall  not  exceed 
tho  following: 


WELD  PENETRATION  DEPTH 
(P)  OR  PART  THICKNESS 
(T)  FOR  THRU  WELDS 

WELD  BEAD  WIDTH 

PENETRATION  BEAD 

COSMETIC  BEAD 

FILLER  BEAD 

LESS  THAN  0. 125" 

.IX  <P  OR  T) 

3/2  X  (P  OR  T) 

3/2  X  (P  OR  T) 

0. 125"  TO  0.250" 

1/2  X  (P  OR  T) 

1  X  (P  OR  T) 

1  X  (P  OR  T) 

GREATER  THAN  0.250" 

2/3  X  (P  OR  T) 

3/2  X  (P  OR  T) 

3/2  X  (P  OR  T) 

3.7,2  Weld  Reinforcement 

3.7.2. 1  Face  Side  of  Weld.  Weld  reinforcement  on  the  face  side  of  the 
weld  bead  shall  not  exceed  25  per  cent  of  the  wold  bead  width. 

3. 7. 2. 2  Root  Side  of  Weld.  Weld  reinforcement  on  tho  root  side  of  the 
weld  bead  shall  not  exceed  1.0  times  the  width  of  the  bead  at  the  root. 

3.7.2. 3  Cosmetic  and  Filler  Weld  Beads.  Weld  reinforcement  for  any 
cosmetic  or  filler  pass  weld  beads  shall  not  exceed  20  per  cent  of  the  joint 
thickness  or  .060  Inch  whichever  Is  the  smaller. 
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3.7  (Oont'd) 

3.7.3  Undorcut  or  Undorflll  Undercut  or  underfill  oro  acceptable  If 
not  In  excess  of  10  per  cent  of  the  Joint  thickness  or  0.010”  whichever  Is 
the  snollcr  and  all  edges  of  the  wold  or  undorcut  oro  not  sharp.  This  defini¬ 
tion  Is  applicable  to  both  face  and  root  side  of  the  wold  joint  cumulatively 
(10^  total). 


I.e.  If  maximum  allowable  undercut  is  measured  on  one  side  of 
Joint,  no  undorcut  Is  permissible  on  the  other  side. 


3.7.4  Weld  Coloration  for  Titanium  Vfelds.  The  weld  bead  and  adjacent 
base  metal  heat  affected  zone  shall  be  a  bright  silver  to  a  light  straw  color. 
Darker  coloration  from  a  dark  straw  to  dark  blue  or  blue  black  Is  not  accept¬ 
able.  The  presence  of  gray  scale  Is  also  not  acceptable. 

For  purposes  of  determination  of  titanium  wold  and  heat  affected 
zone  coloration,  the  heat  affected  zone  shall  be  considered  as  starting  at 
the  fusion  line  of  the  weld  and  extending  1/64  Inch  or  15  per  cent  of  the 
weld  bead  width  whichever  Is  the  larger. 

Titanium  wolds  that  have  been  wire  brushed,  buffed,  rowolded, 
sanded,  filed,  etched,  etc.  before  evaluation  of  wold  coloration  shall  be 
rejected. 
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3.7  (Gont'd) 

3.7.3  Cracks.  Cracks  arc  not  acccptabio  In  tho  wold,  heat  affoctod 
zona,  or  adjacent  base  metal. 

3.7.6  Laps  or  Cold  Shuts.  Laps  or  cold  shuts  arc  not  acceptable. 

3.7.7  Lack  of  Fusion.  Lack  of  fusion  Is  not  acccptabio. 

3.-7.0  Lack  of  Penetration.  Lack  of  penetration  Is  not  acceptable. 

3.7.9  Porosity,  Voids  and  Inclusions.  Acceptable  or  rojectnblo  levels 
of  porosity,  void,  or  Inclusion  typo  of  Internal  discontinuities  shall  bo 
established  by  the  grade  of  wold  or  weldment  required.  Tho  grade  shall  be 
established  In  accordance  with  3.4.  Table  I  Is  a  tabulation  of  four  (4) 
grade  levels  of  quality.  Unless  otherwise  specified,  porosity,  voids,  or 
Inclusion  type  discontinuities  occurring  In  tho  wold  notal  shall  not  be  in 
excess  of  the  occurrence  and  frequency  shown ‘by  the  referenced  radiographic 
standards  specified  for  Grade  B  welds.  Porosity,  voids,  and  Inclusions  on 
the  surface  of  the  wold  metal  are  not  acceptable. 


TABLE  I 

MAXIMUI4  ALLOWABLE  INTERVAL  WELD  DEFECTS 
Notes  (I),  (2) 


Defect  (Internal) 

Grade  A 

Grade  B 

Grade  C 

Grade  D 

Poroslty^^^ 

Fine,  scattered 

1 

1 

2 

3 

Coarse,  scattered 

1 

1 

2 

3 

Linear 

None 

None 

1 

2 

Clustered 

None 

None 

1 

2 

Inclusion,  more  dense^^^ 

None 

None 

2 

2 

Inclusion,  less  dense^^^ 

None 

1 

2 

2 

Notes:  (I)  See  reference  radiographs  In  MIL-STD-779  (ASTM  E390). 

(2)  Defects  that  will  be  removed  by  a  subsequent  machining 
operation  shall  not  be  a  basis  for  rejection  of  tho  weldment. 

(3)  Porosity  or  Inclusions  with  sharp  tails  shall  bo  treated  as 
cracks. 
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3.  (Con't) 


3.8  Repair  Welding 

3.8.1  Defects  that  will  bo  removed  by  a  subsequent  machining  operation 
shall  not  be  a  basis  for  repair  welding. 

3.8.2  Defects  confined  entirely  within  the  fused  wold  metal,  visually 
detected,  may  bo  reworked  by  rcwelding  once,  using  tlic  established  production 
welding  procedure  provided  no  further  processing  has  been  fjccompllshcd. 

3.8.3  All  parts  which  have  defects  In  the  base  metal  or  at  the  base  metal 
fusion  line  and  those  parts  In  which  rejectablo  defects  •are  detected  by  one  or 
more  nondestructive  test  methods  shall  be  rejected  and  submitted  to  engineering 
for  disposition. 

3.8.4  Discolored  titanium  weld  beads  shall  not  be  reweldod  for  repair  or 
any  other  purpose.  The  discoloraion  is  a  surface  effect  only,  but  Indicates  a 
contaminating  condition  during  the  v/clding  operation.  Once  a  titanium  v;eld 
has  been  contaminated,  the  Impurities  cannot  bo  removed  regardless  of  the  col¬ 
oration  of  the  v/eld  after  any  subsequent  treatment.  Such  wolds  shall  bo 
rejected  for  Engineering  disposition. 

3.9  Post  V/old  Thermal  Processing.  Post  Weld  thermal  processing  or  heat 
treatment  shall  be  in  accordance  with  requirements  specified  on  the  applicable 
engineering  drawing.  If  post  weld  heat  treatnxjnt  is  not  specified  or  specif¬ 
ically  excluded,  laser  beam  weldments  will  be  processed  os  follows: 

Post  Weld  Heat  Treatment 

Titanium  and  alloys  Stress  relieve  at  1050  -  II00"F  per  MIL-H-8I200A 

Heat  treat  hardenable  Stress  relieve  at  MOO  -  II50®F  per  MIL-H-6875 

low  a  I loy  steels 

UnstabI I Ized  stain-  Anneal  per  MIL-H-6875 
less  steels 

Note;  Metals  and  alloys  not  Included  In  this  tabulation  do  not  require  any 
additional  thermal  processing  except  as  specified  by  applicable 
engineering  drawing. 
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4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  Responsibility  for  Inspection.  Unless  otherwise  specified  In  the 
contract  or  order,  flie  supplier  is  responsible  for  1hc  performance  of  all 
Inspection  requirernonts  as  specified  herein.  Except  ns  otherwise  specified, 
the  supplier  may  utilize  his  own  facilities  or  any  commercial  laboratory 
acceptable  to  the  Govornmont.  The  Government  reserves  the  right  to  perform 
any  of  the  Inspections  set  forlh  In  the  specification  whore  such  inspections 
are  deemed  necessary  to  assure  supplies  and  services  conform  to  prescribed 
requirements. 

4.1.1  Inspection.  Laser  beam  welds  and/or  weldments  shall  be  Inspected 
ns  specified  In  an  inspection  program  established  In  accordance  with  appli¬ 
cable  requirements  shown  In  MIL- I -6070. 

4.1.2  Nondestructive  Inspection.  Laser  beam  welds  or  weldments  shall 
bo  nondestructi vely  Inspected  by  the  following  Inspection  processes  as 
required  by  Table  II.  If  classification  of  a  weld  Is  not  specified  by 
applicable  engineering  drawing  or  the  Inspection  program  (see  4,1.1),  non¬ 
destructive  Inspection  shall  be  In  accordance  with  requirements  specified  in 
Table  II  for  Class  lA  welds. 

4. 1.2. 1  Visual  Inspection.  Visual  Inspection  consists  of  examination 
and/or  measurements  of  surface  attributes  of  the-weld  with  or  without  the  aid 
of  magnification. 

4. 1.2.2  Magnetic  Particle  Inspection.  Ferromagnetic  welds  or  weldments 
shall  be  inspected  for  surface  and  near  surface  discontinuities  in  accordance 
with  MIL-1-6868.  Magnetizing  by  current  carrying  prods  Is  forbidden. 

4. 1.2. 3  Penetrant  Inspection.  Nonmagnetic  and  slightly  magnetic  alloy 
weldments  shall  be  inspected  for  surface  discontinuities  In  accordance  wl.th 
MIL- 1 -6866  and  MIL- 1-25 1 35. 

4. 1.2.4  RadTogr.aphlc  Inspection.  Inspection  for  Internal  discontinui¬ 
ties  shall  bo  performed  by  radiographic  Inspection  in  accordance  with 
MIL-STD-453. 
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TABLE  It 

MmiMUI4  INSPECTION  REQUIREMENTS  (Per  Cent  of  Weldments  Inspected) 


Inspection  Method 

Wold  Class, 

Note  (1) 

Class  lA  (2) 

Class  ID 

Class  IIA 

Class  no 

Visual 

100 

100 

100 

100 

Magnetic  Partlclo^^^ 

100 

100 

2.5  AQL 

4.0  AQL 

Penetrant^ 

100 

100 

2.5  AQL 

4.0  AQL 

Radiographic 

100 

2.5  AQL 

4.0  AQL^^^ 

— 

Ultrasonic 

100 

2.5  AQL 

(4) 

— 

Other  Tests 

100 

2.5  AQL 

- — 

— 

Notes:  (I)  Classifications  shown  from  MIL-l-6370.  Where  100  per  cent 

Inspection  Is  specified,  each  weld  In  all  assemblies  shall  be 
Inspected  throughout  Its  entire  length.  When  AQL  Is  specified, 
sampling  shall  be  In  accordance  with  MIL-STD-105  except  that 
when  a  rejectable  weld  Is  found  In  a  "lot"  of  assemblies,  all 
welds  In  that  lot  shall  be  Inspected. 

(2)  Applicable  Inspections  shall  be  repeated  after  proof  tests. 

(3)  Ferromagnetic  parts  shall  be  magnetic  particle  Inspected. 
Slightly  magnetic  and  nonmagnetic  parts  shall  be  penetrant 
Inspected.  Heat  affected  zones  In  parts  showing  magnetic 
particle  Indications  shall  be  penetrant  Inspected  to  confirm 
external  defects. 


(4)  Based  on  the  geometry  of  the  assembly,  either  ultrasonic  or 

radiographic  Inspection,  whichever  wl 1 1  best  reveal  any  critical 
defects,  shall  bo  used. 


4. 1.2.5  Ultrasonic  Inspection.  Manual  contact,  pulse  echo,  ultrasonic 
Inspection  of  weldments  with  pertinent  dimensions  of  0.25  to  8.0  Inches  shall 
be  performed  In  accordance  with  ASTM  El 64,.  where  applicable.  Contact  or 
Immersion  Inspedlon  of  longitudinal  or  spiral  welds  of  welded  pipe  or  tubing 
having  nominal  outside  diameters  from  2  to  36  Inches  and  namlnal  thicknesses 
of  0.12  to  0.80  inches  shall  be  performed  In  accordance  with  ASTM  E273. 
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4.1.2  (Cont'd) 


4. 1.2.6  Other  Nondestructive  Tests.  Other  rondestruci I ve  tests  tnny  be 
specified  where  applicable,  o.g,,  leak  test,  los'^  r  proof  test,  or  acoustic 
emission  mcmltoring  lost.  V/hon  required,  the  tosr  method  and  criteria  for 
acceptance  shall  bo  defined  on  the  component  drawing  or  In  the  applicable 
document.  Leak  testing,  If  required,  shall  bo  performed  prior  to  penetrant, 
magnetic  particle,  ultrasonic,  or  hydrostatic  proof  toots. 

4j2  Equipment  Calibration.  All  recording  or  indicating  instrumentation 
Involved  In  the  control,  generation,  or  concentration  of  .the  power  contained 
In  the  laser  beam  shall  bo  calibrated  at  intervals  based  on  nccuinulated 
records  of  performance.  The  intervals  between  calibrations  not  to  exceed 
6  months. 


4.3  Destructive  Inspection  of  Test  Specimens 

4.3.1  Wold  Thickness  Greater  than  3/B  Inch.  Section  the  toot  specimen 
as  shown  In  Figure  4  to  obtain  six  (6)  randomly  located  1/2  inch  wide  tost 
strips.  Radiographically  Inspect  each  test  strip  axially  through  the  weld 
to  determine  compliance  with  requirements  specified  in  3.7.5  through  3.7.9. 


FIGURE  4.  .TEST  SPECIMEN  SECTIONING 
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4.3  (Cont'd) 


4.3.2  Penolrat  I  on  nnd  Configuration.  Section  tho  test  specimen  as  shown 
In  Figure  4  to  obtain  six  (6)  randomly  located  lost  strips  (1/2"  wide). 

Polish  and  etch  ono  side  of  each  test  strip  (ono  weld  cross  soctlon)  for 
macroscopic  examination.  Measure  or  examine  to  dotormlno  compliance  with 
applicable  requirements.  For  specimens  requiring  more  than  3/8  Inch  or  more 
depth  of  penetration,  shall  also  be  radiographically  inspected  axially 
through  the  weld  to  determine  compliance  with  3.7.5  through  3.7.9. 

5.  Definitions.  Definition  of  all  welding  terms  shall  be  as  defined  by 
American  Welding  Society  Specification  number  AWS  A3.0. 
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PART  n 


I  LASER  SAri'TY  STANDARDS 

A)  Lir.Lt  Emission  Safety  St.Tnd.irJs 

A  review  of  laser  safety  standards  has  been  undertaken  with  the 
following  result:  The  Department  of  labor  -  Occupational  Safety  and 
Health  Administration  (OSIIA)  has  indicated  that  they  will  be  publishing 
their  Laser  Use  Standards  in  the  Federal  Register  before  January  1976, 
with  the  intention  of  these  standards  becoming  a  law  effective  about 
August  2,  1976.  This  will  be  the  appropriate  set  of  standards  which 
must  be  met  by  any  user  of  laser  equipment.  They  further  indicated 
that  the  content  of  this  Laser  Use  Standard  will  be  the  safety  standards 
established,  by  the  American  National  Standards  Institute  (ANSI)  Z136.1, 
published  in  1973.  This  is  a  laser  safety  standard  which  has  been 
established  for  use  of  lasers  which  operate  between  0.2pm  and  1mm. 

Since  this  safety  standard  is  the  most  likely  standard  to  be  incorporated 
into  law,  it  is  the  one  that  has  been  analyzed  for  this  report.  The 
following  summary  of  that  report  contains  the  salient  features  for  CO^ 
lasers. 

1.  Classification  of  Lasers 

Class  1  -  Exempt  Lasers  and  Laser  Systems 

-3 

CQ^  Lasers  which  operate  at  a  power  level  below  0.8  x  10  watts  are 
in  this  category. 

Class  2  Lasers  -  Low  Power  Visible  Lasers  and  Laser  Systems 
Not  applicable  to  CO2  Lasers. 

Class  3  -  Medium  Power  Lasers  and  Laser  Systems 

CO2  Lasers  which  can  emit  power  less  than  0.5  watts  fall  into  this 
category. 
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Class  4  -  lli)’li  Power  leasers  nnJ  Laser  System:; 

Any  CO^  laser  system  which  emits  power  in  excess  of  0.5  watts  is 
labeled  as  a  class  4  laser. 

Class  5  -  Kudosed  Lasers  and  Laser  Systems 
Any  class  3,  or  4  CO2  laser  or  laser  system  which  by  virtue  of 
appropriate  design  or  engineering  control  cannot  directly  irradiate 
the  eye  with  levels  which  are  in  excess  of  0.1  watt/cm  falls  into 
this  category.  For  all  practical  purposes  a  class  5  laser  system, 
since  it  docs  not  produce  any  laser  radiation  outside  of  the 
enclosure,  does  not  have  to  satisfy  any  other  safety  requirements 
nor  are  medical  surveillance  requirements  necessary  for  their 
operation.  However,  to  insure  the  safe  operation  of  such  a  system, 
there  are  a  number  of  requirements  which  roust  be  met. 

Requirements  for  a  Class  5  Laser  System 
a.  Protective  Housing 

The  laser  system  shall  have  a  protective  housing  that  prevents 

2 

emission  of  radiation  at  levels  above  0.1  watt/cm  .  The 
protective  housing  must  prevent  human  access  during  normal 
operation.  No  special  control  measures  shall  be  required  for 
personnel  outside  of  the  protective  housing. 

Personnel  who  require  access  to  the  protective  housing  for  the 
purpose  of  ntalntain.incc  shall  comply  with  the  control  measures 
specified  for  the  laser  class  or  laser  system  contained  therein, 
b.  Safety  Interlocks 

Each  laser  or  laser  system  shall  be  provided  with  safety  interlocks 

for  any  portion  of  the  protective  housing  which  when  removed  or 

displaced  allows  human  access  to  radiation  in  excess  of  the 

2 

applicable  0.1  watt/cm  limit. 
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A  miniuium  of  two  opcrntlvc  safety  interlocks,  one  of  which  must 

be  conscalcd,  shall  be  provided  for  any  portion  of  the  protective 

housing  which  by  design  can  be  removed  or  displaced  during  normal 

operation  and  thereby  allow  access  to  radiation  in  excess  of  the 
2 

C.l  watt/cm  limit.  Interruption  of  these  safety  interlocks  shall 
insure  that  the  beam  cannot  leave  the  laser  enclosure  at  powers 
above  this  limit.  Failure  of  any  single  mechanical  or  electrical 
component  in  the  redundant  interlock  system  shall  not  prevent  the 
total  interlock  system  from  functioning. 

Service  adjustments  or  maintalnance  procedures  on  the  laser 
contained  within  the  enclosure  shall  not  cause  safety  interlocks 
to  become  inoperative  or  the  radiation  levels  outside  of  the 
enclosure  to  exceed  the  allowable  limit  unless  performed  in  a 
temporary  controlled  area. 

c.  Fail  Safe  System 

Adjustments  or  failure  of  any  part  of  the  laser  or  the  enclosure 
containing  a  laser  or  laser  system  shall  not  foreseeably  cause 
the  laser  or  laser  system  to  be  in  uncompliance  with  the  require¬ 
ments  of  an  enclosed  laser  operation. 

d.  Viewing  Windows 

All  viewing  windows  incorporated  into  an  enclosed  laser  shall 

employ  a  suitable  filter  material  which  attenuates  the  laser 

radiation  transmitted  through  the  window  to  levels  below  the 

2 

specified  0.1  watt/cm  level  under  any  conditions  of  operation 
of  a  laser  or  laser  system.  At  the  10.6  micron  level,  the  use 
of  plexiglass  or  lexan  entirely  fulfills  this  attenuation 
requirements. 
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e .  Warn  in;;  .SJp.ns 

Warnlnj;  labels  shall  not  be  required  on  the  exterior  protective 
enclosure  of  a  class  5  laser  system.  However,  the  appropriate 
warning  signs  or  label  which  designate  the  class  of  laser 
contained  within  the  enclosure  shall  be  prominently  and  permanently 
attached  to  the  inside  of  the  enclosure  in  a  manner  to  be  instantly 
viewed  upon  removal  of  any  of  the  interlock  access  panels  or 
removal  covers  which  allow  exposure  to  the  laser  beam. 

f .  Safety  Instructions 

Manufacturer  of  laser  equipment  shall  prepare  adequate  safety 
instructions  covering  the  use  and  operative  maintenance  of  their 
equipment. 

The  management  shall  establish  and  maintain  an  adequate  program 
for  the  control  of  laser  hazards.  The  program  shall  ‘include 
provision  for  education  of  authorized  operators. 

3.  Applicability  to  the  Avco  HPL  Laser  Welding  System 

For  the  welding  tests  performed  under  this  contract,  the  entire  laser 
system  including  welding  interaction  point,  were  completely  enclosed 
in  a  material  that  does  not  transmit  the  infrared  energy.  Measurements 
of  laser  energy  which  escapes  the  enclosure  entirely,  were  below  the 
required  0.1  watt/cm^  flux  level.  Thus  lasers  which  use  a  complete 
enclosure  around  the  work  piece  clearly  fall  into  the  class  5  category 
and  need  no  warning  signs,  operatpr  medical  examinations,  bells  or 
alarms  or  any  of  the  other  safety  requirements  for  laser  systems. 
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If  an  extended  piece  of  material  is  to  be  laser  welded  and  it  is  no 

longer  practical  to  enclose  that  piece  in  an  enclosure,  then  the 

situation  changes,  but  only  slightly.  In  such  a  system,  the  beam 

would  be  enclosed  all  the  way  down  to  the  shielding  hood,  providing 

the  required  enclosure  around  the  entire  system.  However,  a  slight 

amount  of  laser  radiation  that  was  not  absorbed  in  the  work  piece 

would  be  diffusely  scattered  under  the  shielding  hood  and  would 

escape  from  the  small  gap  between  the  shielding  hood  and  the  work 

piece.  Calculations  indicate  chat  if  10%  of  the  incident  beam  is 

not  absorbed  in  the  work  piece  and  is  diffusely  scattered,  the 

2 

power  density  would  be  down  below  the  required  0.1  watt/cm  at 
points  that  are  approximately  three  feet  radially  away  from  the 
weld  point. 

A  measurement  of  the  actual  radiation  level  for  a  particular 
system  would  have  to  be  undertaken  at  various  locations  to  determine 
the  distance  beyond  which  the  radiation  is  sufficiently  low,  and 
adequate  barriers  provided  to  prevent  operators  from  positioning 
themselves  closer  to  the  weld  point. 

B)  Electrical  and  X-Ray  Safety  Standards 

Design  and  assembly  of  electrical  control  and  power  in  the  HPL  laser 
system  is  in  accordance  with  Che  American  National  Standard  Electric  Code, 
Cl-1971  (NFPA  70-1971),  Articles  300  and  400. 

The  HPL  system  also  adheres  to  the  Electrical  Standard  set  up  by  tl>e 
Joint  Industrial  Council.  (JIC  Electrical  Standards  for  Mass  Production 
Equipment  EMP-1-67.)  This  standard  provides  detailed  specifications  for 
the  application  of  electrical  systems  to  production  industrial  equipment. 
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The  provisions  of  this  st.-indard  apply  to  all  electrical  systems,  which 
operate  from  a  supply  voltage  of  600  volts  or  less.  Compared  Co 
standard  engineering  practices,  this  standard  provides  for  larger 
conductor  sizes,  higher  temperature  Insulation,  oil  and  dust  tight 
enclosures  and  distribution,  and  mechanically  interlocked  enclosures 
inaccessible  to  other  than  authorized  personnel. 

The  mechanical  design  and  material  selection  insures  that  no 
detectable  X-radiatlon  is  present  outside  the  HPL  lasing  chamber. 
Detailed  Geiger  counter  measurements  have  been  made  to  verify  that  this 
Is  the  case. 


II 


MAINTENANCE 


A)  Maintenance  History 

The  following  expected  lifetimes  have  been  determined  from  over 
three  years  of  experience  with  HPL  Laser  systems. 

Optics 

Internal! 

During  a  6  month  period,  the  cavity  optics  develop  a  slight  coating, 
or  tarnishing  which  results  in  a  slight  (5%)  decrease  in  laser  efficiency. 
They  are  changed  once  every  6  months  and  are  reworked  and  available  for 
use  again. 

External: 

Most  external  mirrors  can  be  used  for  several  years.  The  exceptions 

are: 

a.  Mirrors  close  to  work  piece.  These  mirrors  may  be  contaminated 
by  splatter  from  the  work  piece,  and  should  be  protected  by  a 
purge  system  which  directs  a  gas  jet  across  the  mirror  surface. 

The  service  time  for  such  mirrors  depend  on  the  severity  of  the 
environment.  However,  no  HPL  Mirror  has  been  destroyed  due  to 
hostile  environment  operation.  Some  of  the  mirrors  have  been 
damaged  on  the  surface  but  were  able  to  be  re-ground  and  polished. 

b.  Mirrors  which  point  in  the  upward  direction  are  susceptible  to 
damage  caused  by  dust  settling  on  the  surface.  Even  if  a 
protective  purge  is  provided,  these  up-hand  mirrors  usually 
have  to  be  reworked  once  every  6  months. 


A-23 


E-Ucnni 


There  arc  three  types  of  failures  which  may  occur  in  the  HPL  E-Beam; 

1)  Foil  Failures,  2)  Filament  Failures,  and  3)  High  Vacuum  Feed  Through 
Failures. 

1.  Foil  Failure: 

Foil  failure  has  occured  approximately  once  every  6  months.  Tlie 
down  time  is  usually  only  a  few  hours. 

2.  Filament  Failure: 

Filaments  will  last  about  a  year.  Down  time  is  a  day. 

3.  Feed  Through  Failure: 

At  most,  feed  throughs  will  fail  once  every  2  years,  with  a 
down  time  of  2-3  days. 

Sustainer  Electrodes; 

The  electrodes  are  routinely  replaced  every  year. 

Blowers; 

The  limitation  on  the  HPL  system  blowers  is  bearing  lifetime.  It  has 
been  found  that  a  set  of  bearings  will  last  at  least  1000  hours.  Thus, 
all  blowers  are  replaced  every  1000  hrs  with  rebuilt  units  containing  new 
bearings. 

Electrical  and  Electronic  Equipment; 

When  the  blowers  are  replaced,  the  electrical  equipment  is  checked 
(Including  waveform  patterns),  and  filters  are  serviced. 

Vacuum  Equipment 

The  pumps  for  both  the  E-Be;im  vacuum  chamber  and  the  main  wind  tunnel 
chamber  should  be  serviced  every  year,  and  the  bearings  replaced.  If  the 


blank  off  pressure  exceeds  the  level  described  below,  service  should  be 
initiated  immediately  to  remedy  the  situation. 


A-24 


The  E-Beam  blank  off  pressure  should  not  exceed  3  x  10  ^  torr  when 
opcratini>  at  the  10  kw  power  level.  Operation  at  higher  pressures  may 
lead  to  premature  foil  failures. 

For  the  main  vacuum  chamber,  experience  indicates  a  blank  off 
pressure  of  0.5  torr  must  be  achieved.  Based  on  measurements  of  the 
quantity  of  air  needed  to  significantly  degrade  the  laser  performance 
(reported  in  the  Appendix)  the  corresponding  blank  off  pressure  would 
be  substantially  greater,  in  the  range  of  2-3  torr.  This  is  probably 
explained  by  the  fact  that  water  vapor  contamination  due  to  slight 
leaks  (i.e.,  from  sustainer  electrode,  or  optics)  is  more  significant 
then  air  contamination.  If  the  blank  off  pressure  exceeds  this  0.5 
torr  level,  the  system  should  be  serviced. 

B)  Maintenance  Schedule 

Based  on  the  maintenance  history  cited  above  the  following  preventative 
maintenance  schedule  is  recommended  for  the  HPL  Laser  System: 

1.  Cavity  Optics 

Change  every  6  months 

2.  External  Mirrors 

Inspect  each  year,  refurbish  as  required.  Upward  facing  mirrors, 

and  mirrors  close  to  the  work  piece  should  be  inspected  at  shorter 

intervals. 

3.  E-Beam 

a)  Filaments  -  replace  as  needed, typically  once  a  year. 

b)  Foil  -  replace  as  needed. 

U.  Sustainer  F.lcctrodes 

Replace  every  year  . 
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5.  , Blowers 

Replace  with  refurbished  blowers  with  new  bearings  and  rebalance 
after  1000  hours  of  operation. 

6.  Vnciuim  Kquipment 

Inspect  every  6  months,  and  replace  bearii\gs  every  year. 

7 .  Electrical  and  Electronic  Equipment 

Check  waveforms  and  service  filters  every  1000  hours. 
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APPENDIX 

SENSITIVITY  OF  IIPL  lASER  SYSTEM  TO  AIR  LEAKAGE  INTO 
LASER  CAVITY 


In  considering  the  maintenance  characteristics  of  the  HPL  laser  systems, 
it  is  important  to  determine  the  maximum  concentration  of  air  inside  the 
laser  cavity  which  will  cause  no  significant  degradation  in  laser  performance. 

The  closed  loop  power  control  system  on  the  HPL  is  designed  to  maintain 
a  constant  output  power.  If  the  power  begins  to  drop,  the  closed  loop 
system  senses  this  drop,  and  increases  the  electron  beam  current  (which  in 
turn  causes  the  laser  power  to  increase)  until  the  preset  value  is  reached 
However,  this  increase  must  not  exceed  the  power  supply  limitations,  which 
will  be  20-30X  above  the  nominal  operating  point  in  a  production  HPL  system. 

Tests  were  conducted  in  which  the  increase  in  electron  beam  current  was 
measured  for  various  values  of  air  concentrations  inside  the  laser  cavity  at 
an  output  power  level  of  10  kw.  The  air  concentrations  were  controlled  by 
introducing  air  into  the  laser  cavity  through  flow  meters.  The  air 
contamination  level  is  then  determined  by  dividing  the  air  flow  rate  by  the 
laser  make  up  gas  flow  rate. 

The  conclusions  of  the  test  results  shown  in  Fig,  I  were  that  the  air 
concentration  must  be  27.  to  37.  to  require  an  additional  20  -  307.  electron 
beam  current.  If  a  leak  of  this  magnitude  were  to  occur,  the  blank^off 
pressure  for  the  laser  cavity  would  correspondingly  be  2-37.  of  the  operating 
pressure  of  76  torr,  or  1.5  -  2.3  torr. 
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APPENDIX  B 


RESULTS  OF  NONDESTRUCTIVE 
EVALUATION  OF  "AS  WELDED" 
MATERIAL 


FACE 


Nl-E  (1/4") 


C/S-ClHl/4") 


C/S-0(-)  (1/4") 


200 C 


SLIOHT  SURFACE 
UNDERCUT 


B-11 


£43  B 


VI 


SURFACE  UN0CRCUT,SU3HT>  ENTIRE  WELD 


ROOT 


Tl-AA  (5)  1/4' 


TI-BB(6)  1/4 


8  S/4”  —  J 


Tt  ~C  (4)  1/4 

PTui  A  FTW-8  FTW-6 

rTW”^  t  f^rr-x 


APPENDIX  C 


CORRELATION  OF 
FRACTURE  FACE 
OBSERVATION, 

WELDING  PROCEDURE 

TEST  WELD  CROSS-SECTION 
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FRACTURE  FACE  EXAMINATION  &  WELD  PROCEDURE 

Tables  C-1  and  C-2  are  tabulations  of  the  results  of  macro¬ 
scopic  examination  of  the  fracture  faces  of  all  the  specimens 
used  for  mechanical  properties  determination.  Except  where 
noted,  all  weld  discontinuities  observed  and  recorded  in  the 
tables  are  pores  and  have  characteristic  spherical  shapes. 

They  are  tabulated  in  columns  to  indicate  their  number  and 
approximate  size.  It  should  be  noted  that  most  of  the  pores 
observed  were  less  than  2  percent  of  the  joint  thickness 
which  would  not  be  easily  identified  using  conventional  radio- 
graphic  inspection  methods.  Shrink  tears  discovered  in  some 
specimens  are  noted  in  the  comment  column.  These  tears  were 
not  included  in  the  measurement  coltunn  because  of  irregular 
shapes . 

Representative  cross  sections  of  the  test  panel  weld  pro¬ 
cedures  tabulated  below  will  be  found  on  the  following  pages: 


— _ _ 

wri.ntNG  PROCEDURE 

Pofotlty 

RFktAKKS 

irit  ATION 

Variables 

m 

m 

m 

bite  un^nesi 

Failure  Location 
and  or  Comment 

Matt. 

Te,. 

Spec.# 

iSQSII 

Focus 

a 

B 

HBI 

.018’* 

,  0I8-' 

300M 

Altoy 

Steal 

ATT- IS 

9SA 

DB 

1001 

26.1 

lf!!i 

m 

tSB 

^9 

mu 

ms 

r usion  Line 

1 

1 

MtCi-SI 

1 

■ 

m 

■ 

t.WOMi 

f 

' 

■BjCnOilJIilBB 

1 

mam 

BKliSIiiaifiaB 

l.UOM 

■aue 

■BiioiaaucnBi 

uutm 

m. 

m 

i 

1 

(BHBBBQQBI 

FTW-IS 

Bns 

■ 

■ 

■ 

■ 

1 

Base  Metal 

1 

1 

liisaEa 

■liilil 

keb 

Base  Metal 

■iiiia 

^BHI 

HBB 

bbb 

MBBBBBa 

■Uiia 

ni 

wtg/m 

HHH 

HBB 

BBBBMaB 

■Jim 

K122J!iacaB 

r 

Base  Metal 

o 

SCS-IS 

9  sc 

■ 

■ 

■ 

■ 

■ 

■ 

1 

■ 

■ 

Shrink  Tear 

r 

K 

■ 

K 

■ 

■ 

m 

K 

1 

HH 

BIB 

nn 

ATT-4S 

256C 

IHH 

65 

28.1 

IHl 

ra 

EBB 

m 

Shrink  Tear 

1 

1 

■iTia 

t 

Shrink  Tear 

— ST 

HEB 

im 

Shrink  TMr 

iaia.« 

■:Hia 

ss 

K 

■ 

KIS 

Rn 

Shrink  Tear 

1/2" 

Tensile 

ATT-7S 

BICTI 

IBHI 

■Bl 

B9 

ESI 

i 

■■■ 

IHH 

b^b 

Bl^l 

n 

_ 

■KiimaauEnBi 

■:»au 

: 

t 

■iiUl 

■ 

■ 

■ 

1 

Fracture 

TO|Ugh. 

FAW-4S 

200C 

■ 

■ 

■ 

1 

■ 

7 

1 

^^B 

HB^B^I 

■ 

■ 

2 

BBI 

HBH 

BBI 

BHI^BBHB 

m?gy 

mim 

■ 

■ 

IHB 

BB 

BB 

I^^^BBBB 

Stress 

C^. 

SCK-4S 

■ 

■ 

■ 

1 

:: 

m^ji 

■ 

■ 

■ 

1 

■ 

■ 

■ 

1 

Fetlgue 

rTW-7S 

■ 

■ 

■ 

1 

■ 

1 

1 

■ 

1 

1 

1 

■■ 

IB 

*Omin 

■ 

■ 

IB 

a 

■ 

B 

■ 

10 

■Bi 

'■hmbb 

BBiiia 

B 

B’flHI 

ri 

1  1* 

_ 

_ *Olnln  1 

HES 

■ 

HHB 

HIH 

^HB 

HBi 

■■■ 

liiLaud 

.  1 

“ 

■ 

■ 

nan 

1  *Orloln  1 

rTW-|2S 

1^1 

_ 

1 

r 

1 

1 

-i 

1 

J 

i 

£: 

Li_ 

'BKI2EUmilB| 

Table  C-1:  Fracture  Face  Examination 
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Table  C-2:  Fracture  Face  Exsunination 
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Negative  No.  LR-221  Mag.  A. IX  Negative  No.  LR-220  Mag.  4.7X 
(c)  Weld  No.  118F  (d)  Weld  No.  118F 


Figure  C-1.  WELD  CROSS  SECTIONS  (LOW  ALLOY  CARBON  STEEL) 
1/4  INCH  THICK 
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Figure  C-3.  WELD  CROSS  SECTIONS  (LOW  ALLOY  CARBON  STEEL 
TEST  SPECIMENS)  1/2  INCH  THICK 


Negative  No.  LR-207  Mag.  2.9X 

(a)  Weld  No.  207D 


Negative  No.  LR-204  Mag.  3X 

(b)  Weld  No.  206D 


Negative  No.  LR-2pO  Mag.  3.  IX 
(d)  Weld  No.  201A 


Negative  No.  LR-199  Mag.  3. IX 

(c)  Weld  No.  200C 


Figure  C-4.  WELD  CROSS  SECTIONS  (LOW  ALLOY  CARBON  STEEL) 
1/2  INCH  THICK 


Vr .  ,  / 

1  ■{_  J 

"  1 

1  •  B 

Negative  No.  LR-235  Mag.  3.3X 

(a)  Weld  No.  246A 


Negative  No.  LR-236  Mag.  3.3 

(b)  Weld  No.  246B 


Negative  No.  LR-233  Mag.  3.3X 

(c)  Weld  No.  245A 


Negative  No.  LR-234  Mag.  3.3X 

(d)  Weld  No.  245B 


Figure  C-5.  WELD  CROSS  SECTIONS  (TITANIUM  ALLOY)  TEST 
SPECIMENS  1/2  INCH  THICK 


Negative  No.  LR-230  Mag.  3.3X 
(b)  Weld  No.  242B 


Negative  No.  LR— 226  Mag.  3.3X 
(a)  Weld  No.  239A 


WELD  CROSS  SECTIONS  (TITANIUM  ALLOY)  TEST 
SPECIMENS  1/2  INCH  THICK 


Negative  No.  LR-227  Mag.  3. IX 
(b)  Weld  No.  241A 


Negative  No.  LR-228  Mag.  3.3X 
(a)  Weld  No.  241B 


Figure  C-7.  WELD  CROSS  SECTIONS  (TITANIUM  ALLOY)  TEST 
SPECIMENS  1/2  INCH  THICK 


Negative  No.  LR-242  Mag.  4.2X 
(b)  Weld  No.  90D 


Negative  No.  LR-246  Mag.  4.5X 
(a)  Weld  No.  91C 


Negative  No.  LR-243  Mag.  4.4 
(d)  Weld  No.  90E 


Negative  No.  LR-244  Mag.  4.2 
(c)  Weld  No.  90F 


Negative  No.  LR-245  Mag 
(e)  Weld  No.  91A 


WELD  CROSS  SECTIONS  (TITANIUM  ALLOY  SPECIMENS) 
1/4  INCH  THICK 
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Negative  No.  LR-241  Mag.  4.7X 
(e)  Fatigue  Spec.  #FTW-6T 

■iqurc  c-9.  wr.i.nrn  fatiguc  specimcn  sfctions  (titanium  alloy) 

1/4  INCH  THICK  (ARROWS  INniCATE  CRACK  INITIATION) 


Negative  No.  LR-239  Mag.  4.7X 
(c)  Fatigue  Spec.  #FTW-4T 


jgative  No.  LR-240  Mag.  4.7X 
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Negative  No.  LR— 211  Mag.  4.7 
(al  Weld  No.  93B 


Negative  No.  LR-212  Mag.  4.7 
(b)  Weld  No.  93D 


Negative  No.  LR-214  Mag.  4.7 
(c)  Weld  No.  94D 


Negative  No.  LR— 213  Mag.  4.7 
(d)  Weld  No.  93E 


Figure  C-10.  WELD  CROSS  SECTIONS  (NICKEL  BASE  ALLOY)  TEST 
SPECIMENS  1/4  INCH  THICK 
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Neg.  No.  LR-527  Mag.  4.9X 
(b)  Weld  No.  36F 


Neg.  NO.  LR-526  Mag.  4.9X 
(a)  Tensile  Specimen  #ATT-5S 


Figure  C-11 .  300  M  ALLOY  STEEL  WELD  CROSS  SECTIONS  (3/8  INCH  THICK) 


Neg.  No.  LR-522  Mag.  4.4X 
(b)  Weld  No.  252C 


Neg.  No.  LR-521  Mag.  4.4X 
(a)  Weld  No.  R36B 


Figure  C-12.  INCONEL  718  WELD  CROSS  SECTIONS  (3/8  INCH  THICK) 


Neg.  No.  LR-523  Mag.  4.4X 

(a)  Weld  No.  254C 


Neg.  No.  LR-524  Mag.  5.4X 

(b)  Weld  No.  30D 


Neg.  No.  LR-525  Mag.  5.4X 

(c)  Weld  No.  30E 


Figure  C-13.  6A1-4V  TITANIUM  WELD  CROSS  SECTION  (3/8  INCH  THICK) 
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APPENDIX  0 


CORRELATION  OF 
PROCESS  SETTINGS 


TEST  WELD  CROSS-SECTION 


MATERIAL:  LA  C/S  300  M  1/4" 


■ROWER  RECORD 


72C 


POWER  ON  WORK 
TRAVEL  SPEED 
TELESCOPE 
FOCUS 

EDGE  PREPARATION 
BLANCHARD  GROL'ND 
ACETONE  RINSE 
WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET-BACK 
FIXTURE 
CHILL  BAR 
TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  COLOR 
SHAPE 


8.4  KW 
100  I PM 
f/7 

28-1/8" 

DEBURR-WIRE  BRUSH- 

HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
SR~7 
.075" 

7/16" 

FDS 

#210 

METALLIC  BLUE 
0.005"* 
lOOZ  CLEAR 
WHITE 

.05"  WIDE  X  .025"** 


6X 


*RKMARKS  INTERMITTENT 

**RaiARKS  .020"  MISMATCH 


UNDQtBEAD  3X 


M-2650 


L-2470 


JUNE  1975 


D-1 


MATERIAL:  LA  C/S  300  M  1/4" 


POWER  RECORD 


72D 


POWER  ON  WORK 
TRAVEL  SPEED 
TELESCOPE 
FOCUS 

EDGE  PREPARATION 
BLANCHARD  GROUND 
ACETONE  RINSE 
WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET- BACK 
FIXTURE 
CHILL  BAR 
TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  COLOR 
SHAPE 


8.4  KW 
100  IPM 
f/7 

28-1/2" 

DEBURR-WIRE  BRUSH 

HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  5  CFH 
SR-7 
.075" 

7/16" 

FDS 

#210 

BLUE-GREY 

0.005"  INTERMITTENT 
lOOX  CLEAR 
WHITE- BRUSH 
.05"  WIDE  X  .025" 


6X 


M-2651 


D-2 


L-2470 


JUNE  1975 


MATERIAL:  LA  C/S  300  M  1/4" 


POWER  RECORD 


:  72B 


TOP  BEAD 


3X 


6X 


POWER  ON  WORK  8.4  KW 

TRAVEL  SPEED  100  IPM 

TELESCOPE  £/7 

FOCOS  28-1/8" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBORR-WIRE  BRUSH- 
ACETONE  RINSE-DETERGENT- ALCOHOL  DRY 


WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET-BACK 
FIXTURE 
CHILL  BAR 
TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  COLOR 
SHAPE 


HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
SR- 7 
.075" 

7/16" 

FDS 

#210 

BLUE  GREY 
NONE 

lOOX  CLEAR 
WHITE 

.05"  WIDE  X  .025"* 


*REMARKS 


VERY  SMOOTH 


M-2649 


L-2470 


JUNE  1975 


D-3 


material:  la  c/s  300  M  1/4" 


POWER  RECORD:  72F 


TOP  BEAD  3X 


POWER  ON  WORK  8.4  KW 

TRAVEL  SPEED  100  IPM 

Ta.ESCOPE  f/7 

FOCUS  28-1/8" 

OWE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-DETERGENT -ALCOHOL  DRY 


WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SBT-BftCK 
FIXTURE 
CHILL  BAR 
TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  COLOR 
SHAPE 


HELIUM  100  CFH 
ARGON  35  CFH 
HELIUM  10  CFH 
SR- 7 
.075" 

7/16" 

FDS 

#210 

BLUE-GREY 
NONE  -  VERY  GOOD 
lOOT  CLEAR 
WHITE 

nA"  WIDE  X  .025" 


6X 


UNDERBEAD  3X 


H-2648  L-2470 


June  1975 


D-4 


■ 

I 

I 

I 

! 

:  { 

■  i 

r 

I'. 

i 

I 


POWER  ON  WORK  7.0  KW 

TRAVEL  SPEED  100  IPM 

TELESCOPE  £/7 

FOCUS  28" 

QXIE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH 

acetone  rinse 

WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH  f 

SHIELD  SR-7 

STAND-OFF  .07" 

SET-BACK  7/16" 

FIXTURE  FDS  | 

CHILL  BAR  #210 

TOP  BEAD  COLOR  METALLIC 

UNDERCUT  NONE 

SOUNDNESS  1-A  DEFBCTS/INCH  [ 

UNDERBEAD  SHAPE  .100"  WIDE  X  .015"  ! 


6X 


MATEKIAL 


TITANIUM  6-4  1/4" 


POWER  RECORD 


75B 


POWER  ON  WORK  7.0  KW 

TRAVEL  SPEED  100  IPM 

TELESCOPE  £/7 

FOCUS  28-1/4" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE 

WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  SR- 7 

STAND-OFF  .04" 

SET-BACK  7/16" 

FIXTURE  PUS 

CHILL  BAR  #210 

TOP  BEAD  COLOR  METALLIC 

UNDERCUT  NONE 

SOUNDNESS  1-4  DEFBCTS/INCH* 

UNDERBEAD  SHAPE  .100"  WIDE  X  .015" 

) 

★REMARKS  LACK  OF  PENETRATION  ! 


UNDERBEAD  3X 


JUNE  1975 


L-2470 


M-2639 


1 


4 


TOP  BEAD  3X 


6X 


’OWER  ON  WORK  7-0  KK 

rRAVEL  SPEED  100  IPM 

rELESCOPE  £/7 

FOCUS  28-1/8 

edge  prep,\ration 

blanch<\rd  ground- de burr- wire  brush- 
acetone  RINSE-DETERGEHT- 
HNO3  +  HF4  H2O  BTCH- 
WATER  RINSE- ALCOHOL  DRY 


JELD  GAS  (JET) 

:rail  gas 
UCK-UP  GAS 
mi  ELD 
STAND-OFF 
SET-BACK 
FIXTURE 
CHILL 

TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 

.  n  r«  A  r\  OUAOT? 


HELIUM  100  CFH 
argon  25  CFH 
HELIUM  10  CFH 
SR-7 
.04" 

7/16" 

FDS 

#210 

METALLIC 

NONE 

100^  CLEAR 


^  II 


a] 


MATERIAL:  TITANIUM  6-4  1/4" 


POWER  RHCORI):  750 


6X 


POWER  ON  WORK 
TRAVEL  SPEED 
TELESCOPE 
FOCUS 

EDGE  PREPARATION 


7.0  KW 
100  IPM 

in 

28-1/8" 


BLANCHARD  GROUND-DEBURR -WIRE  BRUSH - 
DETERGENT -ACETONE  RINSE- 
+  HF  +  H2O  ETCH- 
WATER  RINSE-ALCOHOL  DRY 


WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET-BACK 
FIXTURE 
CHILL  BAR 
TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  SHAPE 


HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
SR- 7 
.04" 

7/16" 

FDS 

#210 

METALLIC 

NONE 

1007.  CLEAR 
.095"  WIDE  X  .015" 


M-2641 


L-2470  JUNE  1975 


D-8 


■mm 


MATERIAL:  LA  C/S  300  M 


POWER  RECORD 


“  W  .  • 


TOP  BEAD 


;■  . 


POWER  ON  WORK  13.5  KW 

TRAVEL  SPEED  30  I  PM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-DETERGEyr-WATER  RINSE- 
ALCOHOL  DRY 


_ 


WELD  GAS  (JET) 
TRAIL  GAS 

back-up  gas 

SHIELD 

STAND-OFF 

SET-BACK 

FIXTURE 

TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDER BE(U)  COLOR 
SHAPE 


HELIUM  100  CFH 
argon  25  CFH 
HELIUM  10  CFH 
7-1 

.03"  FLAT 
l/U" 

2i 

SILVER 

NONE 

1007.  CLEAR 
SILVER 

VERY  UNIFORM 
.086"  WIDE  X  .045 


UNDERBEAD  JX 


M-2647 


L-2470 


JUNE  1975 


MATERIAL: 


LA  C/S  300  M  1/2" 


POWER  RECORD 


80F 


TOP  BEAD  3X 


POWER  ON  WORK 
TRAVEL  SPEED 
TELESCOPE 
FOCUS 

EDGE  PREPARATION 


12.6  KW 
32-1/2  IPM 
f/20 
32-1/2" 


BLANCHARD  GROUND- DEBURR-WIRE  BRUSH- 


ACETONE  RINSE-DETERGENT-WATER  RINSE- 


ALCOHOL  DRY 
WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET-BACK 
FIXTURE 

TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDER BEAD  SHAPE 


HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
7-1 

.03"  FLAT 
1/4" 

24 

SILVER 

NONE 

1007.  CLEAR 
VERY  UNIFORM 
.050"  WIDE  X  .045" 


6X 


UMDERBEAD  3X 


M-2&46 


L-2470 


JUNE  1975 


D-10 


i 

1 

1 


A 


] 


.  i 


POWER  RECORD :  80G 


MATERIAL 


TOP  BEAD 


POWER  ON  WORK  13.5  KW 

TRAVEL  SPEED  30  IPM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

edge  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-ACID  FERRIC  CHLORIDE- 
WATER  RINSE-ALCOHOL  DRY 
WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  7-1^ 

STAND-OFF  .03" 

SET-BACK  1/^" 

FIXTURE  #24 

TOP  BEAD  COLOR  SILVER 

UNDERCUT  none 

SOUNDNESS  100^  CLEAR 

UNDER BEAD  SHAPE  VERY  IRREGULAR 

0.10"  WIDE  X  .1 

REMARKS  GOOD  WETTING 


UNDER BEAD 


TOP  BEAD 


POWER  ON  WORK  12.6  KW 

TRAVEL  SPEED  32-1/2  IPM 

TELESCOPE  f/20 

FOCUS  32-1/2  " 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-ACID  FERRIC  CHLORIDE- 
WATER  RINSE-ALCOHOL  DRY 
WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  JET  TRAILER  7-1 

STAND-OFF  .03" 

SET-BACK  1/4" 

FIXTURE  24 

TOP  BEAD  COLOR  SILVER 

UNDERCUT  NONE 

SOUNDNESS  SLIGHT  POROSITY 

UNDERBEAD  SHAPE  IRREGULAR 

(COX  COMB) 


UNDERBEAD  3X 

H-2644 

L-2470 

JUNE  1975 

D-12 

_ 



M,\TERTAJL 


TITANIUM  6-A  1/2 


POWER  RECORD 


81A 


r 

t 

! 


TOP  BEAD 


POWER  ON  WORK  13.5  KW 

TRAVEL  SPEED  30  IPM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH 
ACETONE  RINSE 

WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  HOOD  A 

STAND-OFF  .03" 

SET-BACK  3/8" 

FIXTURE  #24 

TOP  BEAD  COLOR  BRIGHT  SILVER 

UNDERCUT  .01"  GAP 

SOUNDNESS  1007.  CLEAR 

UNDERBEAD  SHAPE  .14"  WIDE  VARIA 


UNDERBEAD  3X 


M-2642  L-2470  JUNE  1975 


D-13 


TITANIUM  6-A  1/2"  POWER  RECORD 


MATERIAL 


81B 


TOP  BEAD  3X 


POWER  ON  WORK 
TRAVEL  SPEED 
TELESCOPE 
FOCUS 

EDGE  PREPARATION 
BLANCHARD  GROUND 
ACETONE  RINSE 
WELD  GAS  (JET) 
TRAIL  GAS 
BACK-UP  GAS 
SHIELD 
STAND-OFF 
SET  BACK 
FIXTURE 

TOP  BEAD  COLOR 
UNDERCUT 
SOUNDNESS 
UNDERBEAD  SHAPE 


11.7  KW 
30  IPM 
f/20 
32-1/2" 

-DEBURR-WIRE  BRUSH- 

HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
HOOD  A 
,06" 

3/8" 

BROWN 

NONE 

1007.  CLEAR 
LOW  PROFILE- 
UNIFORM 

.095"  WIDE  X  FLAT 


POWER  RECORD 


MATOIIAL:  TITANIUM  6-4 


TOP  BEAD 


POWER  ON  WORK  10.8  KW 

TRAVEL  SPEED  30  I PM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE 

WELD  GAS  (JET)  HELIUM  100  CPH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  HOOD  A 

STAND-OFF  .06" 

SET-BACK  3/8" 

FIXTURE  #24 

TOP  BEAD  COLOR  SILVER  BROWN 

UNDERCUT  NONE 

SOUNDNESS  lOOZ  CLEAR 

UNDERBEAD  SHAPE  .125"  WIDE  X  .( 

VERY  UNIFORM 

REMARKS  MODERATE  CROWN 


POWER  RET.ORD:  81D 


MATERIAL:  TTTANIIIM  6-4  1/2 


POWER  ON  WORK  9.9  KW 

TRAVEL  SPEED  30  IFM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH 
ACETONE  RINSE 

WELD  GAS  (JET)  HELIUM  100  CFl 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  hood  a 

STAND-OFF  .03" 

SET-BACK  3/8" 

FIXTURE  #24 

TOP  BEAD  COLOR  SILVER 

UNDERCUT  NONE 

SOUNDNESS  1  to  4  DEFECT 

UNDERBEAD  SHAPE  INCOMPLETE. 


UNDER BEAD 


JUNE  1975 


M-2659 


POWER  RBCffllD:  8 


MATERIAL:  TITANIUM  6-4  1/2 


POWER  ON  WORK  10.8  KH 

TRAVEL  SPEED  30  IPM 

TELESCOPE  f/20 

FOCUS  32-1/2” 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-DETERGENT -ALCOHOL  DRY 
WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  HOOD  A 

STAND-OFF  .03" 

SET-BACK  3/8" 

FIXTURE  #24 

TOP  BEAD  COLOR  SILVER  BROWN 

UNDERCUT  NONE 

SOUNDNESS  0  TO  1  DEFECT/ INCH 

UNDERBEAD  COLOR  SILVER 

SHAPE  VERY  UNIFORM 

.10"  WIDE  X  .04" 
MODERATE  CROWN 


UNDBIBEAD 


POWER  RECORD 


MATERIAL:  TITANIUM  6-A  1/2 


TOP  BEAD 


POWER  ON  WORK  10.8  KW 

TRAVEL  SPEED  30  IPM 

TELESCOPE  f/20 

FOCUS  32-1/2" 

EDGE  PREPARATION 

BLANCHARD  GROUND-DEBURR-WIRE  BRUSH- 
ACETONE  RINSE-DETERGENT-ALCOHOL  DRY 
WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  50  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

SHIELD  HOOD  A 

STAND-OFF  .03" 

SET-BACK  3/8" 

FIXTURE  #24 

TOP  BEAD  COLOR  BROWN- BLUE* 

UNDERCUT  NONE 

SOUNDNESS  100%  CLEAR 

UNDERBEAD  COLOR  SILVER 

shape  very  UNIFORM 

.10"  WIDE  X  .03" 
MODERATE  CROWN 

♦REMARKS  TRAIL  SHIELD  MAY 

HAVE  BEEN  STOPPED 


UNDOIBEAD 


JUNE  1975 


L-2470 


M-2661 


MATERIAL:  INCO  718  1/4 


POWER  RECORD:  76A 


r 

i 

I 


TOP  BEAD  3X 


6X 


POWER  ON  WORK 

8.4  KW 

TRAVEL  SPEED 

100  IPM 

TELESCOPE 

f/7 

FOCUS 

28-1/8" 

EDGE  PREPARATION 

FLYCUT-DEBURR-ACBTONE  RINSE 

WELD  GAS  (JET) 

HELIUM  100  CFH 

TRAIL  GAS 

ARGON  25  CFH 

BACK-UP  GAS 

HELIUM  10  CFH 

SHIELD 

SR- 7 

STAND-OFF 

.04" 

SET-BACK 

7/16" 

FIXTURE 

FDS 

CHILL  BAR 

#210 

TOP  BEAD  COLOR 

BLUE  TO  LIGHT  BLUE 

UNDERCUT 

.005"  TO  .01" 

SOUNDNESS 

lOOZ  CLEAR 

UNDERBEAD  COLOR 

WHITE 

SHAPE 

.075"  WIDE  X  .005" 

i 


UNDER BEAD  3X 


POWER  ON  WORK  7.7  KW 

TRAVEL  SPEED  100  IPH 

TELESCOPE  f/7 

FOCUS  28-1/2" 

EDGE  PREPARATION 
FLYCUl-DEBURR-ACETONE  RINSE 


WELD  GAS  (JET)  HELIUM  100  CFH 

TRAIL  GAS  ARGON  25  CFH 

BACK-UP  GAS  HELIUM  10  CFH 

RHTRl.D  SR-7 


SHIELD 

SR-7 

STAND-OFF 

.040" 

SET-BACK 

7/16" 

FIXTURE 

FDS 

CHILL  BAR 

#210 

TOP.  BEAD  COLOR 

LIGHT 

BLUE 

UNDERCUT 

.005" 

SOUNDNESS 

SINGLE 

;  PORE 

UNDER BEAD  COLOR 

WHITE 

.075" 

WIDE  . 

M-2653 

D-20 


JUNE  1975 


TOP  BEAD  3X 


L-2470 


r-Ti'”  '  - 'xVv  . .  ^ 

'  *  r . -■ 

r  vr ■  -9  " 

MATERIAL 


INCO  718  IM" 


POWER  RBC(MID 


7bC 


TOP  BEAD  3X 


POWER  ON  WORK  7.0  KW 

TRAVEL  SPEED  100  IPM 

TE7JESCOPE  f/7 

FOCUS  28-1/8" 

EDGE  PREPARATION 
FLYCOT-DEBORR-ACEl’OSE  RINSE 


WELD  GAS  (JET) 

HELIUM  100  CFH 

TRAIL  GAS 

ARGON  25  CFH 

BACK-UP  GAS 

HELIUM  10  CFH 

SHIELD 

SR-7 

STAND-OFF 

.04" 

SET-BACK 

7/16" 

FIXTURE 

FDS 

CHILL  BAR 

#210 

TOP  BEAD  C01.0R 

BRUSH-LIGHT  BLUE 

UNDERCUT 

.005"  to  .010" 

SOUNDNESS 

SINGLE"  PORE  IN  14' 

UNDERBEAD  COLOR 

WHITE 

SHAPE 

.070"  WIDE  X  .010 

UNDQtBEAD  3X 


M-265A  L-2470 


JUNE  1975 


D-21 


MATERIAL: 


INCO  718  MU 


POWER  RECORD:  76D 


TOP  BEAD  3X 


POWER  ON  WORK 

6.3  KW 

TRAVEL  SPEED 

100  IPM 

TELESCOPE 

f/7 

FOCUS 

28-1/8" 

edge  PREPARATION 
FLYCITT-DEBURR-ACCTONE  RINSE 

WELD  GAS  (JET) 

helium  100  CFH 

TRAIL  GAS 

ARGON  25  CFH 

BACK-UP  GAS 

HELIUM  10  CFH 

SHIELD 

SR-7 

STAND-OFF 

.04" 

SET-BACK 

7/16" 

FIXTURE 

FDS 

CHILL  BAR 

#210 

TOP  BEAD  COLOR 

BRUSH-LIGHT  HL 

UNDERCUT 

.005" 

SOUNDNESS 

1007.  CLEAR 

UNDER BEAD  COLOR 

WHITE 

SHAPE 

.070"  WIDE  X  . 

UNDERBEAD  3X 


M-2655  L-2A70 


JUNE  1975 


D-22 


MATERIAL 


INCO  718  1/4" 


POWER  RECORD 


:  76E 


•* 

-  - 

• 

• 

■ 

■  ¥; 

— ’  f 

TOP  BEAD  3X 


POWER  ON  WORK  7.7  KW 

TRAVEL  SPEED  100  IPM 

TELESCOPE  f/7 

FOCUS  28-1/8" 

EDGE  PREPARATION 
FLYCUr-DEBURR-WIRB  BRUSH- 
DETERGENT  -WATER  RINSE- 
ALCOHOL  DRY 

WELD  GAS  (JET)  HELIUM  1 

TRAIL  GAS  ARGON  21 

BACK-UP  GAS  HELIUM  ] 

SHIELD  SR-7 

STAND-OFF  .04" 

SET-BACK  7/16" 

FIXTURE  FDS 

CHILL  BAR  #210 

TOP  BEAD  COLOR  LIGHT  B1 

UNDERCUT  0  -  .00! 

SOUNDNESS  100%  CLI 

UNDERBEAD  COLOR  WHITE 

SHAPE  .075"  W 


HELIUM  100  CFH 
ARGON  25  CFH 
HELIUM  10  CFH 
SR-7 
.04" 

7/16" 

FDS 

#210 

LIGHT  BLUE -WHITE 
0  -  .005" 

100%  CLEAR 
WHITE 

.075"  WIDE  X  .01" 


UNDERBEAD  3X 

M-2656  L-2470  JWE  1975 

D-23 


MATERIAL 


INCO  718  IM" 


POWER  RECORD 


76F 


UNDBIBEAD  3X 

M-2657  L-2470  JUNE  1975 


D-24 


APPENDIX  E 


DESIGN  AND  TEST 
SPECIMEN  FABRICATION 
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